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FOREWORD

This report presents the results of RCA effort on Phase II of the Lunar
Orbiter Capsule Study, JPL Contract No. 950340, for the phase-out
period preceding contract termination on 10 October 1962,

The Phase II study effort was divided into two parts. The first part was
concerned with system integration for a specific lunar orbiter capsule
configuration. The various trade-offs to be considered had been initially
studied during Phase I of the contract. The effects of these trade-offs
were to be evaluated during Phase II, and a specific system was to be
recommended. [Functional specifications for the recommended system
were to be prepared. The trade-off evaluation effort and system recom-
mendation were completed and reported to JPL in RCA Report No. AED-
1616, '"Lunar Orbiter Preliminary Configuration Report, ' dated 25 Sep-
tember 1962. Contract termination prevented completion of the functional
specifications for the recommended system. The detailed analysis accom-
plished as part of that effort up to the time of termination is presented as
Part I of this report.

The second part of the Phase II study effort was to consider general
system problems in the areas of data interpretation and system growth
potential. This part of the effort also was terminated before many of
the initial objectives were fulfilled. Meaningful results were obtained
in some areas, however, and these are presented as Part II of this
report.

RCA gratefully acknowledges the assistance provided by the several
JPL groups and staff personnel who participated actively in this study.
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Section |

SUMMARY

A. INTRODUCTION

Part I of this report deals with a system integration study of a Lunar Orbiter
Capsule (LOC). The LOC was to be designed as a payload for the Ranger Spacecraft.
The primary objective of the capsule was to take lunar-surface television pictures
that would detail the lunar-surface-characteristics needed for the design support of
the Apollo mission. The system integration study constituted a part of the Phase II
effort under JPL Contract No. 950340. The objectives of this part of Phase II were to
evaluate the effects of trade-offs determined during Phase I and to recommend and
prepare functional specifications for a specific system configuration.

The results of the LOC preliminary configuration study were reported-to JPL on
28 September 1962. * The present report covers many of the results previously
reported and also details the entire effort up to the date of contract cancellation,

10 October 1962. The results presented should be considered preliminary because of
cancellation of the studies before completion of many of the tasks originally described
in the contractual work statement.

B. SUMMARY OF RESULTS
1. SYSTEM CONCEPT

The structural configuration of the recommended LOC is shown in outline form in
Figure 1.1.B-1. The bottom portion constitutes an adapter structure which would per-
mit mounting of the LOC on the Ranger Spacecraft. The system comprises five major
subsystems. The retro-propulsion subsystem would provide for injection of the capsule
into an orbit about the moon from the transit trajectory. In order to ensure that the
cameras point at the lunar surface for picture taking and that the communications
antennas point toward the earth for data transmission, an attitude control subsystem is
incorporated. A communications subsystem would provide channels for TV data trans-
mission, command, and telemetry and would also include a tracking transponder and
data storage. The television subsystem uses two cameras; these cameras take pictures
alternately, with one camera tube being erased while the other is being exposed. The
final subsystem is the power supply, which provides for both the constant and the peak
loads required by the other subsystems.

2. RETROPROPULSION SUBSYSTEM

A solid-propellant rocket with spin stabilization during retrofiring is recommended
for the LOC. The proposed motor is a 3000-pound-thrust unit having a vacuum specific
impulse of 280 seconds and a total velocity increment of 1250 meters per second. A unit

* RCA Report No. AED-1616, "Lunar Orbiter Preliminary Configuration Report,"
25 September 1962

I.1-1
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Figure 1.1. B-1. Directional Antenna Inertia Configuration

similar to the solid-propellant spin-up system of Ranger 3-5 would provide spin stabil-
ization. The spin rate during retrofiring would be approximately 300 rpm.

3. ATTITUDE CONTROL SUBSYSTEM

A conventional three-axis, jet-controlled subsystem operating in a limit-cycle mode
is recommended. This subsystem would maintain the LOC principal axes coincident
with the moon-centered axes for a period of at least 1 month in a lunar orbit. Roll and
pitch errors are detected by a two-axis horizon scanner. Yaw error is detected by either
a two-axis gyro-compass or a roll/yaw rate-gyro combination. A back-up lunar sensor
incorporating a passive mosaic-type sensor is also recommended. A torquer with six
thrust nozzles (two per axis) and a common regulator valve operating at 0. 01-pound thrust
is proposed. An over-all stabilization accuracy of +1 degree, with stabilization rates no
greater than 0.01 degree per second, is recommended.

The attitude control subsystem proposed should be capable of an operational lifetime
of greater than 1 month. This subsystem has been selected, despite the high power re-
quirements and difficult development schedules, because it offers the greatest flexibility
and growth potential. Furthermore, the techniques developed for this subsystem would
be directly applicable to future lunar orbiters, including manned systems.

I.1-2
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4. TELECOMMUNICATIONS SUBSYSTEM

The telecommunications subsystem recommended would comprise three major
units, all operating at L-band frequencies. These units are as follows:

(a) Tracking Transponder - a two-way, phase-locked doppler unit similar to that
presently used on the Ranger Spacecraft.

(b) Video Transmitter - a 20-watt unit similar to that presently used on the
Ranger 6-9 capsules.

(¢) Command Subsystem - compatible with the Deep Space Instrumentation
Facility (DSIF) command capabilities and utilizing as much Ranger command
circuitry as practicable. ‘

An omnidirectional antenna providing look angles of approximately 100 degrees in
elevation and 360 degrees in azimuth would be used with the transponder and command
units. A directional antenna having approximately a 30-degree beamwidth and an on-
axis gain of 15 db would be used for the video transmission link. The directional antenna
could be trainable in elevation at ground command for approximately 70 degrees (+35
degrees about a nominal orientation) in suitable increments. At least 10 minutes of con-
tact time with earth stations would be assured per lunar orbit. The capability of the
transponder and video transmitters would determine the telemetry information available
from the capsule. In general, a high-power (3 watts) telemetry subsystem for the trans-

. ponder is recommended, with priority given to telemetry associated with the operating
status of the capsule and required to predict the future capability of the capsule for
operational programming. :

5. TELEVISION SUBSYSTENM

The recommended television subsystem consists of two 1-inch, electromagnetically
focused and deflected vidicons and associated camera circuitry. A resolution of approx-
imately 25 meters per TV line, with a total of 700 resolution lines per TV camera, and
continguous coverage is recommended. A system using both high-resolution and low-
resolution cameras (10 meters and 85 meters per TV line, respectively) could be utilized.
Optics having an effective f-number of approximately 1.5 would be used to map the lunar
surface at sun angles between 30 and 60 degrees (but notlimited to these angles) with
reasonable sensor sensitivity. Iris control by ground command is also proposed to pro-
vide for optimum camera subsystem utilization under the wide dynamic range of surface
illumination characteristics anticipated. The camera subsystem should be capable of
operating in both direct and remote modes on ground-station comm and. For remote
operation, a tape recorder would store the video data obtained while the LOC is not in
position for direct video-data transmission to earth. In general, the area for direct
video transmission would be between plus and minus 20 degrees of lunar longitude when
centered about the nominal earth-moon line. The tape-recorder bandwidth should be at
least 62.5 kilocycles, and the recorder should be capable of either continuous or start-
stop recording of video data for a total of approximately 8 minutes, or of storing 100 TV
frames of approximately 1000 scan lines per frame. The frames would have a horizontal
resolution of about 700 TV lines per camera.

1.1-3




. 6. POWER SUPPLY

The power-supply subsystem must be capable of supplying both the constant loads
required for the attitude control subsystem and the peak loads required by the TV and
telecommunications subsystems. In general, the constraints on the LOC would pro-
hibit the use of only a solar-cell array without foldable panels. A power subsystem
utilizing either a combination of a radioisotope thermoelectric generator (RTG) and a
solar-cell array, or an RTG only is recommended. During the TV operational phase
of the LOC mission, an average continuous unregulated power-supply output of 65
watts is recommended. The power supply should also be capable of handling peak load
requirements of approximately 190 watts for short periods.

I1.1-4
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Section 2

SYSTEM ANALYSIS

A.  MISSION OBJECTIVES

The primary objective of the Lunar Orbiter Capsule (LOC) was to secure tele-
vision pictures of the lunar surface that had sufficient resolution and coverage to
delineate lunar surface characteristics of importance to the Apollo mission. Spe-
cifically, the LOC mission was to survey various areas of the lunar surface for
relative roughness in order to select a landing site, and ascertain the difficulty of
performing a landing of 2 manned vehicle within the selected area. It was anticipated
that one or more orbiting payloads might be flown within the flight schedules for
Rangers 10 through 14. As a secondary mission objective, a tracking transponder,
similar to the units presently planned for use on the Ranger Spacecraft, was to be
included in the LOC to determine the selenodetic gravitational potential constants.
This experiment also would provide orbital data to establish the operational program
of the television equipment. Additional scientific experiments were to be flown when-
ever sufficient payloads and other design criteria would permit. Each additional
experiment, however, would have been included on a non-interference basis and
would not have diverted attention from the primary objective, that is, obtaining TV
pictures of the lunar surface.

B. DESIGN CRITERIA
1. LOC System Criteria

Simplicity and reliability were the governing criteria for the Lunar Orbiter
Capsule in meeting the required mission objectives., The LOC required the necessary
retropropulsion for (1) achieving a lunar orbit with characteristics commensurate
with the TV experiment, and (2) orienting and stabilizing the vehicle to the lunar local
vertical for the lifetime of the television experiment and primary mission objective.
The power, communications, and command control capability were to be supplied, as
required to accomplish these goals. Inclusion of additional experiments also would
be made on a non-interference basis,

a. Competing Characteristics

Competing characteristics in the LOC system criteria were treated in the
following order:

(1) Reliability of Subsystems (in order of importance):
(a) Retropropulsion capability

(b) Attitude control and stabilization

I.2-1
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(c) Video transmission link

(d) Television subsystem

(e) Transponder subsystem

() Prognostic and diagnostic telemetry

(2) Limiting resolution

(3) Coverage

(4) Schedule

(5) Cost

(6) Biological sterility
2. SPACECRAFT BUS CRITERIA

Considerations of the spacecraft bus design criteria are presented here for tech-
nical completion only. No further considerations of bus design are given in this
report.

One design goal for the LOC was that changes in the Ranger 6, 7, 8, and 9 bus
configuration would be made only (1) as required to accommodate the LOC with a
simple interface to permit the incorporation of non-interfering experiments, or
(2) to incorporate mandatory engineering change orders resulting from experience
with Ranger Spacecrafts 3 through 9. Inthe event that more than a single interface in
the bus configuration was required, the changes would be minimized and would require
full approval by JPL, Each change would be evaluated in terms of its effect on the
bus and the alternatives available in the design of the LOC without inclusion of
the change.

The bus requirements were to deliver the LOC to the vicinity of the moon on a
nominal 66-hour transit trajectory within the accuracy limits obtainable with a
single mid-course maneuver. The necessary ground-commanded terminal maneuver
to orient the LOC, prior to separation and injection into lunar orbit, would be a bus
requirement within the tolerances of the attitude control and command systems for
Ranger Spacecrafts 6 through 9.

a., Competing Characteristics

Competing characteristics in the spacecraft bus criteria were treated in the
following order:

(1) Reliability of subsystems (in order of importance):
(a) Terminal-phase orientation and attitude control

(b) Injection-point determination

1,2-2
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(¢) Bus functions pricer to terminal phase (separation, stabilization,
mid-course maneuver, etc.) as checked out in previous flights,

(d) Bus failure-detection telemetry

(e) Passcnger experiments and associated data-handling systems

(2) Compatihility of LOC and bus

(3)  Schedule

(4) Suitability of designs and documentation for continued exploitation
of Ranger

(5) Cost
(6) Biological sterility
b. Definition of Weight Characteristics

The gross weight of the spacecraft was not listed as a competing characteristic
because its value was fixed by the availahle vehicle performance and the chosen
trajectory. The desired approach to the weight problem was: (1), to minimize the
weight of each component, and (2) to reduce the number of components, if necessary,
to reduce the total weight. If the spacecraft with all desired components were under-
weight, the performance excess would normally be manifested in an altered trajec-
tory or increased propellant residuals, This may, in turn, lead to higher reliability
and/or greater accuracy of injection, Ballast would not normally be used except
when required for balancing the spacecraft. The LOC weight allowance has been
assumed to be 450 pounds. This assumes an 825-pound injected weight and a 375-
pound bus. ‘

C. TRAJECTORY CONSIDERATIONS

1. PLAN OF OPERATION '

The Ranger Spacecraft, flying a near-standard 66-hour trajectory, will deliver
the Lunar Orbiter Capsule to the vicinity of the moon and orient the LOC so that the
retromotor can be fired to inject the Lunar Orbiter Capsule into an orbit about the
moon. The desired orbit should be nearly circular at 250-km altitude, with a final
inclination of 35 degrees.

There are uncertainties associated with the spacecraft guidance during powered
flight prior to reaching the point of injection into lunar orbit. There may also be
small attitude errors in final orientation for retrofire. In addition, there may be
errors in the transit orbit as determined by ground tracking. These uncertainties
must be considered in selecting the orbits for optimum TV coverage and in sizing
the retrorocket to minimize weight, The achievable orbits in the presence of the

I.2-3



LE PR THLIY RS D ,
-t .o a-##7

transit-orbit arrival uncertainties and with the recommended velocity increment are
developed and discussed in this section.

The following discussion deals with the selection of the required retrorocket
velocity increment and operational procedures for attaining reasonable performance
with a minimum impulse retrorocket. :

2, CAPSULE INJECTION INTO LUNAR ORBIT

The most important single aspect of the 66-hour transit trajectory is the uncer-
tainty in altitude and inclination at the time of arrival. In the JPL "Guidance Con-
siderations for the Establishment of Lunar Orbits" (TM-312-177), C. Sauer states
that the three-sigma dispersion in radius of closest approach is 117 km for an
equatorial orbit, and slightly less for a polar orbit. C, Sauer cites B * R as 132 km,
where B is easily calculated as 3945 km. B is the asymptotic miss radius for the
approach trajectory. R is a member of a set of vectors designated as RST. The
three-sigma dispersion in inclination is 57,3 B*R , or 1.92 degrees,

B

The AV required in order to circularize at 250 km is highly variable, depending
primarily on the radius of closest approach (RCA) of the transit trajectory to the
moon, This can vary from 1. 24 km per second to 0.97 kin per second over the ex-
pected three-sigma variation in radius of closest approach, ignoring the effects of
gravity (maximum effect of gravity here is less than 0, 03 km per second).

Since a solid propellant retromotor of fixed impulse is desired for reliability, a
means of disposing of the excess impulse must be specjfied. Since thrust termina-
tion procedures are not sufficiently developed and would require on-board measure-
ment of velocity increments, a yaw maneuver was proposed in the previous LOC
study phase, in which the thrust vector is turned partly out of the orbit plane. In
this manner, only the AV required for circularizing is actually used; the remainder
rotates the orbit plane about the local radius vector (from the moon to the satellite)
to some new position. This has been reported in some detail in the Phase I
Study report,

In order to assure that a non-impacting trajectory results froma three-sigma
miss on the low side of the nominal approach, even though a three-sigma miss on
the high side passes through the orbit radius of interest and can be circularized
there, it is necessary to bias the orbit altitude to at least six sigma (or 234 km) above
the surface. The aim point for the transit trajectory will be 3 v (or 117 km) below the
circular orbit altitude desired. The nominal altitude of 250 km has been chosen on
this basis, but any altitude between 100 km and 400 km would satisfy requirements
for coverage and resolution reasonably well. The aim point is, therefore, 1871 km
radius or 133 km altitude.

The AV required in order to circularize at 250 km altitude an approach three-
sigma low in RCA is 1.24 km/sec, If this is adopted as the retrorocket specifica-
tion, then lower approaches will not he circularized but can be made into slightly
elliptical orbits, with no plane change. Any approach higher than minus three sigma
in radius (i.e., 16 km altitude) will be circularized at 250 km, with the orbit plane
rotated to the left or right about the point of retrofire.

1.2-4
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The A V required can be slightly reduced by increasing the design orbit altitude
to 300 km and biasing-up the entire dispersion pattern for RCA by 50 km. The minus
three-sigma RCA is now 1804 km (or 66 km altitude), and the AV required is 1.18

km/sec. All approaches between 66 km and 300 km altitude will be circularized at
300 km altitude, or 2038 km RCA.

An alternative procedure which might be considered would be to fix the aim point

at 183 km altitude (1921 km RCA) but to perform the circularizing maneuver at

250 km, as before, instead of 300 km, Trajectories as low as 66 km could be cir-
cularized at 250 km, with a AV of 1,14 km/sec. Any approach higher than 250 km
would be circularized at that altitude, this range of maneuvers requiring a slightly
less than 1.0 km/sec A V, This work has led to construction of a trade-off curve,
Figure I, 2, C-1, where probability and aim point altitude are plotted against retro-
motor AV, For this alternative arrangement, any RCA error above +1,72 sigma
would result in circularization at RCA . An RCA error between -3 sigma and

+1, 72 sigma would result in circularization at 250 km, Both of the above cases

produce a plane change or yaw maneuver, For an RCA error below -3 sigma, an
elliptical orbit would be obtained, .

//___—__——
*\300

>3
x
w
4200 §
oo
—
-
<
300 KM ORBIT MAX =
06 250 KM ORBIT MIN . 250KM ORBIT s
a
s
<
05
- 100
o4 { — - — A [T G USRS S,
105 110 s 120 125

AV VELOCITY INCREMENT (KM/SEC)

Figure 1. 2. C-1. Probability and Aim Point Altitude vs. Veloéity Increment
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Because of the probability of obtaining an orbit altitude above 250 km, thereby

degrading the intended resolution of the TV subsystem, the relatively expensive aim
point of 1871 km RCA (or 133 km altitude) is recommended. This requires a AV
of approximately 1,25 km per second, and an additional weight of 11.3 pounds com-
However, this A V and added weight
provide a certain measure of assurance in attaining a good photographic orbit,

pared to a retromotor providing 1.15 km/sec.

The plane rotation

resulti

AT SWava

ng from the dumping of excess AV is described in detail

in the Lunar Orbiter Capsule Study Final Report (Phase I), dated 3 August 1962. The
principal effect of the plane change is to shift both the inclination and longitude of the

node to new values,

These new values must be coordinated with the requirements of

the photographic experiment for coverage of particular areas with specific lighting

angles,

trajectories in Table I, 2, C-1 can be circularized at 250 km altitude,

In conjunction with the Ranger Spacecraft restraints, these restrictions
will establish the allowable launch window,

For a retromotor capability of 1,25 km/sec A V, all combinations of the approach

TABLE I, 2, C-1
THREE-SIGMA ERROR LIMITS IN APPROACH TRAJECTORIES

Radius of Closest Approach Approach Inclination
Error Limit km Error Limit Degrees
-3 Sigma 1754 -3 Sigma 25.3
Nominal Aim Point | 1871 Nominal Aim Point 27.2
+3 Sigma 1988 +3 Sigma 29.1

maneuver,.

known trajectory, attitude, and retromotor performance.

I.2-6

Table I, 2. D-1 (in Part D of this Section) lists final values of node and inclination
achieved for a northern hemisphere, trailing limb, lunar approach, with a right yaw

Discussion of interactions between achieved final orbit and photocoverage
is also covered in Part D of this Section,

For most of the trajectory and injection studies in this work, the approach
asymptote was taken to be in the lunar equatorial plane, from the direction of 45
degrees west lunar longitude.

The air-point study should be recalculated with an accurate trajectory program
to include true positions and velocities for the earth, moon, sun, and spacecraft,
and to achieve the desired final orbit, knowing the properties of the yaw maneuver,
This must be conducted in conjunction with the construction of at least rudimentary
firing tables, since the direction of approach to the moon depends on the time and
direction of the earth launch.

The most essential requirements of the injection maneuver are an accurately

Unfortunately, each of
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these elements, at present, leaves some performance to be desired, but improve-
ments are promised in the near future,

Increased accuracy of Doppler measurement by the Deep Space Instrumentation
Facility (DSIF) is expected to make possible the refinement of position and velocity
of a spacecraft from the presently achievable 30 km and 0. 2 meter per second to 1.5
km and 0. 01 meter per second by 1965. This should permit even more accurate
determination of position in a lunar orbit, assistance being provided to trajectory
control and also to photogrammetry,

Attitude control for thrust positioning can be improved by normal development in
sensors and gyros, and oy increased weight allowances for certain critical parts,
Drift rates of 0.1 degree per hour, and position accuracy of 0.2 degree from refer-
ence are undesireable for this injection. Better devices could provide a better orbit.
(Refer to the Error Sensitivity Table in the Phase I Final Report, page II-13.)

Retromotor performance will be satisfactory as soon as sensors for grain temp-~
erature have been incorporated, and when the calibration and A V prediction for the
retromotor have been demonstrated, There is still an opportunity to use thrust
termination devices in place of a yaw maneuver, if such devices become applicable,
because of their improved accuracy and reliability. (An extensive discussion of the
mechanics of the injection maneuver is covered in The Phase I Study Final Report,
Section Ii.)

3. INJECTION ERROR STUDY

The injection maneuver is a non-linear process, Conventional error analysis
methods have been largely designed for analysis of linear (or approximately linear)
systems, It was intended to preserve the non-linear character of the injection
process for this study (since the input deviations were not ""small") by applying a
method utilizing conditional probability integrals, and evaluating these multiple
integrals by computer, This method consists of finding the probability of the
(i +1) phase of the maneuver reaching a certain value, having previously established
the i-phase, The important variables were judged to be: (1) radius of closest
approach, (2) inclination of approach, (3) velocity of approach, (4) altitude and attitude
of retrofire, and (5) A V of the retromotor. Such a study would lend itself to the effort
of redesigning the system specifications and the mission profile in order to secure
the highest probability of successful arrival in final orbit within specified limits.

This work had just begun at contract termination. The results of the Phase I

Study are the only results available to date for the ‘injection maneuver; these results
are documented in the Phase I Final Report, Section II. B-3.

D. IN-ORBIT CONSIDERATIONS
1. TV COVERAGE OPTIMIZATION
There are substantial uncertainties in the arrival conditions for the approach

trajectory. The most important of these is the uncertainty in radius of closest

I.2-7
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approach, or periselene. In general, the solid-propellant, fixed-impulse retromotor
chosen for the injection maneuver can only circularize the orbit by using its excess

AV to make an orbit plane-change maneuver. Because of this injection maneuver,

both the inclination and the node of the final arbit become uncertain. These uncer-
tainties arc non-linear functions of the various uncertainties in the approach trajectory.
(This situation was explored during Phase I of the LOC Study, and is discussed in

the Phase I Final Report, dated 3 August 1962, on JPL Contract No, 950340.)

The problem of optimizing the TV coverage is thus made doubly difficult, Not
only must an inclination and node longitude be ¢hosen for the orbit at injection (so as
to provide the most desirable history of photocoverage for the 30 to 40 days of mission
life) but the orbit itself must be chosen to minimize the possibility of having photo-
coverage severely restricted by extreme variations in the orbit, This optimization
problem was to have been studied with the use of a 7090 computer program. This
program would have preselected the optimal time and location for photocoverage,
as restricted by solar elevation angle limits. Various initial orbits were to have
been tried, and desirable injection windows selected, which would provide the best
compromises available for maximizing coverage for the first 30 days, and especially
for the first 15 days. This work would have generated detailed launch-window con-
straints from photocoverage considerations,

As a visualization aid and for rough preliminary planning, a Mercator projection
of the lunar surface was overlaid with a transparent sheet having solar elevation con-
tours centered on the equator, and with a transparent sheet having an orbit ground
track for a specific inclination, This ground track can be adjusted to the node longi~
tude required; then the approximate injection and launch windows can be derived by
moving the solar contour pattern to correspond to various times of injection, This
process, as described, ignores the libration of the moon, the true subsolar point,
and motion of the orbit and solar contours after injection, but, even so, can furnish
useful information. This process was to be supplemented with the computer study,
discussed in detail in paragraph D, 2 of this section.

Figure 1. 2, D-1 illustrates a nominal injection orbit at first quarter. Inclination
is 35 degrees; the orbit is direct or eastward; and the descending node is at 105.5
degrees east lunar longitude. Television coverage with illumination, between 20 and
60 degrees solar elevation (or 70 and 30 degrees solar zenith angle respectively), is
not obtained in the area of primary interest, * but is obtained above 22 degrees north-
latitude and between 9 and 29 degrees south latitude. This will be swept across the
face of the moon by the rotation of the moon, providing some good coverage, but
rather high solar elevation angles near the equator.

Figure I, 2. D-2 shows the same orbit with illumination of half-quarter, half-way
between the new moon and first quarter, Here, TV coverage is good between 23
degrees north and 0° latitude, and again below 29° south. This pattern provides
better coverage than that of Figure I, 2, D-1, but both will change with time due to
regression of the orbit plane and the apparent annual motion of the sun,

*(£90° longitude and + 20° latitude)

I.2-8
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Figure I. 2, D-3 shows the nominal orbit with illumination for 1.5 quarter, Televi-
sion coverage is available from 35°N to 7° S latitude. This is better than either of the
previous two at injection, and shows promise of continued good performance for at .
least one week.

As indicated in Table I, 2. D-1, which summarizes the inclination and node longi-
tude for various orbits oflikelyoccurrence, the ¢ffect on inclination and node longitude
of variation in radius of closest approach is severe. Figure I, 2. D-4 shows a non-
nominal orbit, corresponding to extreme deviations in radius of closest approach and
in approach inclination. This is approximated by a 25-degree inclination orbit, with
the nodc at 122° E, longitude. Illumination is shown for injection at 0.5 quarter.
Usuble initial TV coverage should extend from approximately 19 degrees north to 5
degrees north latitude, ‘

Figure I. 2. D-5 shows a non-nominal orbit injected at first quarter. Southern
photo coverage is possihle after one week, '

As can be clearly seen from these examples, optimization of photocoverage and
selection of launch window are not simple tasks, but procedures have heen developed,
and will be explained, for describing the performance of each configuration to he
examined; this will permit selection of an optimum design orbit and launch window.

TABLE I, 2, D-1
SUMMARY OF ORBITS BEFORE AND AFTER INJECTION

Radius of Closest Approach Initial Descending Node Final
(km) Inclination E. Longitude Inclination
' 1754 25,3° 122, 2° 26. 3°
1871 25.3° 104,1° 33.4°
1988 25,3° 108, 4° 43.0°
1754 27.2° 123.0° 28.1° ¢
(Nom) 1871 27, 2° 105. 5° 35.0°
1988 27,2° 109, 2° 44,7°
1754 29,1° 123.7° 30.0°
1871 29.1° 106. 8° 36.7°
1988 l 29.1° 110.1° 46, 5°

Approach: Trailing Limb, Northern Hemisphere, Right Yaw Maneuver

2. PHOTOCOVERAGE STUDY

The success achieved in mapping the surface of the moon depends, to a great ex-
tent, on the amount of adequate illumination available during any orbit. This implies
that time history of favorable illumination-intervals be investigated for a specific
set of injection conditions. Such a range of illumination is defined by solar elevation

1,2-13
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angles of 20 to 60 degrees. Thus, by varying the injection conditions and cxamining
the resultant fluctuation in ‘\\,Ctptdb]C illumination, a final set of conditions can be
selected for optimizing photocoverage. Subsequcntly, the following problem and
question arises: given a set of injection conditions, what are the selenographic co-
ordinates (hence, time interval by direct calculdtlun for a circular orbit) at which the
spacecraft enters into and exits out of un area of acceptable illumination? To resolve
this problem, the following method was considered.

If the assumption is made that the orbital plane of the spacecraft remains fixed
relative to the surface of the moon during a photocoverage interval*, then a closed
solution can be performed. The solution consists of determining the points of inter-
section of two circles on a unit sphere, centered at the center of the moon. Of the
two circles, one is a great circle and represents the projection of the spacecraft's
motion onto the unit sphere. The center of the circle lies at the pierce-point of the
orbit normal with the sphere. Appendix D contains the necessary equations for
determining the coordinates of this point. The second circle, with center at the
subsolar point (see Appendix D), represents the arca concentuc to the sun-moon line,
sufficiently illuminated for photocoverage purposes. The radius of this solar contour
circle is an input parameter, and can be chosen to represent the magnitude of the
illumination constraint.

Once the location and dimension of each circle has been determined, the
trigonometric expressions outlined in Appendix D may be applied, directly yielding
the desired pairs of coordinates. If (61,07} and (6,0 5) represent the coordinates,
namely declination and right ascension, of the two pamts of intersection, then the
time interval (At) of favorable 111ummat10n is simply:

T . L
At = ST arc cos [sm 61 sin 69 + cos 61 cos 62 (("2'“'1)] . (1)

where: T is the anomalistic period of the spacecraft.

The above scheme was intended to be programmed for use on the digital computer,
and would operate in the following manner. A set of initial conditions would be
prepared, consisting of orhital elements valid at the exact date of injection, start
time, stop time, time increment, and solar contour radius. The program would, at
first, perform a solution (see footnote 1) at start-time, and subsequently at each new
time-instant, as indicated by the time increment, until the stop-time value is
reached.  Each solution would exhibit six quantities: two pairs of coordinates, and
two time intervals. The collection of output data would be presented as a time history
of illumination-interval, permitting rapid comparison with additional runs utilizing

* Actual motion during a photocoverage interval will be less than 3/4 of a degree in
lunar longitude, which is acceptable for this model.

1 If the geometry is such that the spacecraft does not pass through a region of
acceptable illumination, then the results of the tests described in Appendix D w111
direct the program to omxt any further computation for the date.

1.2-14
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different injection conditions. In a similar fashion, the solar contour radius might be
varied, establishing, for each set of initial conditions, a family of time histories.
Figures I.2.D-6, 7, and 8, although developed graphically (see footnote 1), are typical
of the results that might be obtained by such a process.

3. TV SURVEYING SYSTEM PERFORMANCE

Because of the importance of the TV system to the overall mission, and to provide
the necessary background for understanding new studies, the TV system configuration
and performance data originally presented in the LOC Preliminary Configuration
Report, AED Document 1616, are included here.
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1 The graphical method of determining favorable illumination-intervals consists of an
overlay technique, using a sub-satellite ground track and a set of limiting solar con-

By proper positioning of these representations, relative to a Mercator

projection of the moon, a visual interpolation can be made for time-in and time-out

tour circles.

crossings.

These intersections indicate the time (measured from ascending node

time origin) at which the satellite enters and leaves an area of acceptable illumina-
tion. The difference of these times is the illumination-interval, shown as the
ordinate in Figures I, 2. D-6, 7, and 8.
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The performance of the TV surveying system is determined primarily by the
desired resolution and coverage, sensor sensitivity, allowable image motion, com-
munication bandwidth, and achievable orbit, and, to a lesser extent, by the power
profile of the cameras, the tape recorder characteristics, and the uncertainties in
the orbit and launch date,

The primary area of interest lies between 20 degrees north longitude and 20
degrees south longitude on the visible face of the moon; that is, between 270 degrees
east lunar longitude and 90 degrees east longitude. Within this area of interest, there
are various areas, such as the vicinity of the craters Kepler and Copernicus, and the
Ranger 3 through 9 impact areas in Oceanus Procellarum, which are of special
interest., Since the primary objective of the LOC is to compare various sites with
respect to their suitability as Apollo landing sites, it is not necessary to map the -
entire area between plus and minus 20 degrees latitude, but only to be able to obtain
data within that area for selected sites with a sufficient resolution and coverage so that
comparisons of the surveyed sites can be made. In general, the approach to the
television survey of these areas leads to two possible choices. Because of limitations
in the television subsystem, communications bandwidth, contact time, and power
supply, surveying of large areas at the maximum resolution obtainable by the LOC
will not permit continuous coverage of these areas; only sample coverage can be
achieved, If the desire for continuous coverage is maintained, then the maximum
resolution will be dictated by the requirements of nominal overlap between successive
frames along each orbit, or the capability of taking frames on adjacent orbits which
also overlap. These two overlap conditions are called endlap and sidelap,
respectively.

The longitude span to be surveyed and the requirement for reasonably high resolu-
tion have dictated the presence of a surface-stabilized camera system. Resolution
and coverage, RF bandwidth, and transmission time combine to dictate that the orbit
altitude lie within a few hundred kilometers of the lunar surface, and be nearly
circular. The difficulty in controlling the arrival conditions of the transit trajectory
with a single mid-course maneuver, and the desire for a minimum-weight retromotor,
lead to a choice of a minimum orbit altitude no lower than 250 km. Image motion
during the exposure for a non-compensating system becomes more severe at low
altitudes and high resolutions, but is not too severe for most of the cases of interest
to the LOC, The 250-km altitude orbit has been found to be a satisfactory design
point and is recommended. \

With the altitude fixed, the orbit inclination is the dominant factor in setting
frame width if sidelap is desired, since the perpendicular spacing between orbits
varies with the sine of the inclination at the equator. Also, the mappable arc along the
orbit within the 20-degrees north and south latitude zone is determined by the inclina-
tion, although illumination may be a more restrictive constraint to potential coverage
extent.

The allowable power, bandwidth, and transmission time fix the numbher of bits
(and, therefore, the characteristics of the TV scan pattern) and, in combination with
the foregoing, the resolution per TV line in the picture. Camera usage, when more
than one camera is present, can admit variation, such as two cameras viewing side-
by-side across the orbital track, or a high and low resolution camera centered on the
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‘ orbital track. Readout and erase of the camera must be accomplished within the
desired frame repetition time. The readout time of the camera, in general, will be

adjusted so that the readout bandwidth is matched to the bandwidth capability of the °
tape recorder or video transmitter. Since simplicity is a design goal, a single-
speed tape recorder and a single frame-rate and readout bandwidth are considered
desirable. Existing satellite tape recorder hardware has at least the capability of a
62. 5-ke signal bandwidth, with a 120-kec bandwidth achievable with a moderate develop-
ment program,

A one-inch vidicon was chosen as the sensor because of its relatively high resolu-
tion, adequate sensitivity, and experience on related programs. The effective number
of resolutlon lines for this camera is approximately 700.

Table I. 2. D-2 summarizes the investigation of alternative arrangements of
cameras, tape recorder, and optical subsystem elements. In general, three possible
arrangements have been considered for two possible tape-recorder bandwidths. As is
shown, the difference in the tape bandwidth does not affect the operational principles
of the three basic camera configurations, but does vary the total information
capability on a per-orbit basis which is commensurate with the increased bandwidth.
However, of the six configurations listed, only configuration 2 would allow for con-
tinuous tape motion; all others would operate in a start-stop manner between frame
groups.

The present design goals include two vidicon camera systems, which must remain
as preliminary until a final tabulation of weights and power requirements for the en-
tire LOC is determined. Thus, Table I, 2. D-2 considers the possibility of a single

. camera system (configurations 1 and 4) which includes the capability for continuous
coverage. It should also be pointed out that, with a single vidicon and a double set of
optics with some rotating elements, configurations 3 and 6 could be obtained. This
would lead to some differences in operation, but the coverage and resolution, as
shown for configurations 3 and 6, could be obtained with a single vidicon.

In the LOC Preliminary Configuration Report, configuration 2 was recommended
as the best overall choice in terms of reliability, resolution, and photocoverage.

A difference of only a factor of 2 to 3 in resolution over configuration 2 is ob-
tained by going to the highest resolution of these configurations (10 meters), and
should not lead to a tremendous improvement in the amount of surface characteristic
data extractable from the television frames. Furthermore, the fact that continuous
coverage at high resolution would not be obtainable with configurations 3 and 6 might
hinder the interpretation of the data, since both coverage and resolution are impor-
tant parameters in the data reduction process. In case two vidicons are not within
the capability of the early LOC, reconsideration of this choice may be valid.

A catadioptric lens system of f/1. 5 has been selected, and, for a camera
sensitivity of 0. 2 ft-candle-second at a SNR of 32.5 db, this will permit observations
of the lunar surface with a minimum albedo of 0.09 and one TV line of smear per
exposure, due to attitude motion rates of 4 x 10-3 rad/second at sun-zenith angles of
approximately 60 degrees (i.e., 30 degrees from sun terminator). This lens will
permit observation of albedos to 0.06 with a 29 db S/N ratio and a sensitivity of
0.1 ft-candle-second at the same sun angles (see Table 1. 2, D-3) .
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A summary of the parameters of the TV system, with expected performance

characteristics are listed in Table 1. 2, D-4.

TABLE 1. 2. D-4

TV SURVEYING SYSTEM PARAMETER SUMMARY

Parameters Performance Characteristics
Orbit:
Altitude 250 km !
Inclination 35 deg

Surface Speed

Camera:
Video Bandwidth
Number of Cameras
Field of View per Camera
Combined
Scan Lines
Resolution Lines

Surface Resolution
Readout Time

Erase Time

Frame Repetition Rate
Mapping Time

Mapped Arc

Lens:
Focal Length
f/n (max.)
Aperture
Exposure Time
Smear
Smear Rate

Tape Recorder:
Tape Speed
Motion
Length
Number of Frames
Total Recording Time
Total Playback Time

1.37 km/sec

62,5 ke

2

18 km square

18 x 34 km
1,024

700 vertical

695 horizontal
25.7 meters/TV lines
6.0 sec

6.0 sec

12,0 sec

8 min or 480 sec
660 km

153 mm

1.5

100 mm

17 m/sec

1 TV line/exposure
4 milli-rad/sec

30 inches/sec
Continuous
1200 feet

80 total

8 minutes

8 minutes

fo
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It became clear, in the light of subsequent discussions at JPL and at NASA Head-
quarters, that a configuration similar to No, (3) in Table I. 2, D-2 might be more
useful, since it could provide both a high and low resolution capability, and at the
cost of some general mapping coverage and redundancy of cameras. This arrange-
ment is judged more useful since it can contribute more directly to lunar surface
roughness studies for support of the manned-landing program, Such a system would
have essentially the same design parameters as the dual medium angle system, except
for optics, coverage and resolution. The details are listed in Table I, 2, D-2, under
configuration (3).

Frame sizes of 6. 5 km square and 54 km square will be seen at 250 km altitude.
Effective resolutions of approximately 10 and 85 meters per TV line can be expected,
Optical system focal lengths of 430 mm and 50 mm are suggested, and should be as
fast as possible, with variable aperture or shutter speed. Table 1. 2, D-3 provides
some data on f-numbers, from which it may be seen that either /1,5 or /2,0 would
probably suffice for most of the conditions.

Frames will be taken at intervals of 35,8 seconds, A suggested frame arrange-
ment is one wide-angle frame, with one narrow-angle frame taken near the center of
the wide-angle frame as a ''surface detail sampler'. The wide-angle frame will
assist in locating the narrow-angle frame and will provide general survey capability of
a quality which cannot be matched by earth telescopes except near the center of the
visible disc. Other operational ratios, such as two or three narrow-angle frames
for every wide-angle frame can easily be arranged, as requested, Each such
arrangement has operational advantages and disadvantages, and should be carefully
considered before freezing the specification,

Start-stop operation of the tape recorder, rather than continuous operation, will
be necessary. However, a very long swath will be available at low resolution: 2220
km, as opposed to 660 km with the previously discussed medium-angle system.

4, VERTICAL RESOLUTION BY SHADOW MEASUREMENT

In response to a discussion with Dr. E,M. Shoemaker of NASA, the possibility
was explored of adapting the LOC optical systems and TV sensors to the problem of
measuring vertical relief distances, by shadow measurement near the terminator,
The results of this work are included in detail in Appendix E, and are discussed
briefly here.

It is possible to match the long shadows cast by surface relief at low lighting \
angles against the additional exposure time required due to the lower average
illumination near the terminator. Image smear, due to orbital velocity, is shown
not to be a problem, since the actual linear resolution is coarser for the longer
shadows, and percentage smear can be held constant. For constant vertical relief
resolution, optical system focal length is shown to grow as solar elevation angle is
increased, and shadows are thereby shortened. At some point, a maximum focal
length will be reached, and for higher solar elevation angles, a constant horizontal
resolution is obtained,

I.2-28
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Both the vidicon and image orthicon are examined for this mode of operation,
Both show promise of applicability to the mission, with some development of optics
or ruggedized tubes. It may be seen that the vidicon allows the use of a shorter focal
length optical system, but its lack of sensitivity demands a fast lens or relatively
poor vertical resolution, whereas the image orthicon uses a long but slow lens sys-
tem. For a vertical element of 2 meters to be resolved, some representative results
are tabulated in Table I. 2. D-5 for the type 4431 vidicon and type 7198 image orthicon,

. TABLE 1. 2. D-5
VIDICON AND IMAGE ORTHICON TECHNICAL SUMMARY

] . Vertical Horizontal
Solar Elevation Focal Length Resolution Resolution Exposure*
Angle (deg.) (meters) (meters) (meters) (msec)
#4431 Vidicon
1 0.0896 2. 19,10 20. 4
2 0,1793 2 9.55 10.2
3 0.2691 2 6.36 6.8
4 0.3590 2 4,717 5.1
5 0. 4492 2 3.81 4,1
10 0.4492 - 3.81 - 2.0
# 7198 Image Orthicon
1 0.313 2 19.10 20. 4
2 0.629 2 9.55 10.2
3 0.940 2 6.35 6.8
4 0.940 2 6.35 5.1
5 0.940 2 6.35 4,1
10 0.940 - 6.35 2.0
* with no image motion compensation, f# = 0,75; with 90% image motion com-
pensation, f# = 2,38, since exposure can now be increased by a factor of 10
for the same smear., For the image orthicon, with no image motion com-
pensation, f# =10,43

"5, DESIGN CHARTS
To assist in the rapid assessment of the performance of satellite TV systems,

and to aid in establishing the parameters of new designs, RCA has established
nomographs for resolution, bandwidth and readout time,
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a, TV Camera f-Number Relations

Figure I, 2, D-9 nomograph facilitates the use of relations between sensor sensi-
tivity, exposure time, optical system parameters, and object field illumination, For
example, the f-number of a satellite optical system may be established in the following
manner. FEnter the ""Highlight Exposure' scale with the highlight sensitivity of the
pickup tube, and then enter the exposure time. Draw a line through the two previous
points to the next scale, "Target Illuminance", Choose the product of albedo and
optical system transmission efficiency, and continue a new line to intersect the con-
struction line. This point, with the product of the solar constant and photometric
function, will determine the optical system f-number. A useful variation of this

procedure will show the minimum solar elevation angle that can be reached with a
particular f-number,

This nomograph should he s;ipplempnted by tables which list products of solar con-
stant and photometric function verSu¥ solag elevation ungle for the various photo metric
lunar surface models. Table I. 2. D-6 shows this product for the Van Diggelen photo-

metric model. It is assumed for this nomograph that all pictures are taken vertically,.
essentially.

TABLE I, 2. D-6.
VAN DIGGELEN'S LUNAR PHOTOMETRIC FUNCTION

(for zero angle corresponding to longitude of the point measured on the
luminance equator)

Photometric
Solar Zenith Angle Photometric Function Function x
13,000
0 1.00 13,000
5 0. 80 10,400
10 0.68 8, 840
15 0.60 7,800
20 0. 56 7,280
30 0. 46 5,980
! 40 0.38 4,940
50 0.29 3,770
60 : 0.22 2,860
70 ' 0.14 1,820
80 0.07 910

b. Lunar Orbit Altitude, Endlap, Frame Size, and Resolution Relations

Figure 1. 2. D-10 nomograph shows the inter-relationship of lunar orbit altitude,
surface velocity (for a circular orbit), frame interval, frame spacing, frame size,
overlap between consecutive frames, and resolution for a TV sensor covering such a
frame size. Altitude, photo interval, and frame travel are to be used together, as
shown by the exanple line on the nomograph, drawn from 700 km altitude to 10 km

I.2-30
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frame travel. Given frame travel, consecutive frame overlap (as a percent of frame
size) can be specified, and a line through these points will yield frame size. Frame
size, lines, and resolution per line can then be related by a third construction line.

c. Lunar Altitude, Resolution, and Smear Relations

The nomograph in Figure I, 2. D-11 relates motion over the lunar surface, expo-
sure time, and allowable smear to the achievable resolution and frame size. A three-
segment construction line, as shown in the example, will provide the necessary
physical description,

Given 700 km altitude, a desired resolution, and a smear specification, the ex-
posure time and travel per exposure time can be found, The frame size depends on
the number of lines and resolution per line,

The Loss in Contrast* scale is based on a transfer function of:

sin 7 x, where x is Smear in lines
TX 2 TV lines

sin7 X

This scale tabulates the fractional loss in contrast, or1l - X

d. TV Camera Resolution and Readout Time Relations

Figure I. 2, D-12 nomograph relates the resolution performance of the TV sensor
to the total number of bits to be read out, and to the bandwidth required for a
particular frame readout duration.

The effective number of scan lines is divided by the vertical sampling loss (or
"Kell factor') to find the actual number of scan lines required. A combination of
corrective factors, KAB , is used to convert the square of the number of scan lines

aya .
into total bits (under continuous transmission). For this expression, K is the Kell
factor and produces, effectively, the product of vertical bits and horizontal bits;

A is the aspect ratio of the picture, H dimension
V dimension

B is the resolution ratio, usually 1.0, H
v

ay is the percent of vertical lines (or frame), active

2y is the percent of horizontal lines (or sweep), active,

* from the work of R, M, Scott, '""Contrast Rendition as a Design Tool, ' Photographic
Science and Engineering, Vol. 3, No, 5, Sept. - Oct. 1959,
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Readout duration is bascd on two bits per bandwidth cycle, and is set up for slow-
scan systems, Frame rate in frames per second is obviously the reciprocal of
readout duration in seconds per frame. An example calculation is shown by a three-
segment construction line,

E. OPERATIONAL SEQUENCE OF EVENTS
Table 1. 2, E-1 contains a summary of the major events in the mission,

The trajectory is intended to be a near-standard Ranger 66-hour flight sometime
near first quarter. At 16 to 20 hours after launch (Ty), the trajectory has been de-
termined well enough to permit an economical mid-course, flight-path correction by
means of a small, liquid-fueled rocket that is not restartable.

Tracking is continued until approximately two hours before time for the injection
maneuver (Tj). At this time, the ground control computer calculates the flight path,
time and altitude of retrofire, and estimates the final orbit which will be achieved; the
computer will also calculate any non-standard injection maneuvers which might be
advantageous. These commands are then transmitted; the spacecraft attitude is
changed to the retrofire attitude, and a timer is started for the retrofiring initiation,
The spacecraft continues to approach until T, when separation of the payload from
Ranger bus proper is initiated, followed by spin-up and retrofire,

The Ranger bus will, in general, continue its trajectory past the moon while the
LOC goes into its photographic orbit, Tracking is continued until the LOC orbit is
known. Then, the despin sequence is initiated at the most favorable point in orbit for
attitude acquisition. A mechanical yo-yo despin device will remove most of the spin;
the gas jet attitude system will remove the remainder. Next, the horizon will be
searched for and acquired by the active attitude control system, and the LOC will be
ready for programming,

TV programming will be carried on as long as the attitude gas supply lasts. This
will be a complex operation, similar in many respects to the procedure used for
TIROS; locations of new pictures are planned, and the commands and timing require-
ments for readout and setup are prepared and transmitted to the appropriate ground
control station for subsequent relay to the satellite.

At the end of attitude life, or in the event of some critical failure, the back-up
experiment will be initiated. On command, the satellite spin axis will be oriented
normal to the orbit plane, and satellite spin-up will be initiated by small rockets to a
high rotational speed for inertial stability, thus orienting a donut-shaped antenna
pattern toward the earth. The earth control stations will then track the satellite to
determine its orbit and perturbations to the orbit for a period of months, with the
intention of accurately finding the J and L terms of the lunar gravity potential,

I.2-36



8€=C1/L8-2 "1

ydea3owoN SUOIIR[9Y JBIWS PUE U0ijn[josay
‘11~ "2 ' eandig

‘apmyIv 31qIQ IeuUN

w
;

00sg*
0002

000'%
000'v
000's

08 - 0009
06 ooo'e
ool - 0000t
000'st
~ ost 00002
060'0¢
“i o002 000'0p
— 000'05
- ose 000'09
_ 00§ 000'08
000'00!1
- oeg SN
Al
- 00%
00§
009
- 0oL .
- 008
006
0001
SHILINON

321S  3Invyd

k%&\%%.@ b .\._ﬁ.&

o0
Lok

noe
“t- 004

- 00v
o 0%t
co¢

-1 - o082

-+ - 002

- 06
— 08

i
g - 001
-
1

- 0L
-3 09

os

oy
Y

ce

°72

o R
N‘Lrb‘i’.:‘,“; =

02

'
o
©

i
T
w

4

1
2l

Lot

T

|
L]

W - g2
+
+

1

e

l
9

ELTREEEE VL]

3INIT ¥3d NOILNTOS3Y

<
>

t

S Mamanat R
~ -~

«
[=]

h
t

P

n

1
s
-
<

T

o
[

-
i
5
o
i t i
e
- o o~ W0
o 2 o

$100

20¢C

et

b

i

fue

.
it

vCo
500
90
L0
IR\

s000— F o FE

|
+

o~
o
[=]
~
ol
f .
;.*‘
. i
L]
-

00— £~ 60

w0
o
fosdeatred o

1
|
2

R

SS01 SINIT AL

— — 00
Su3LIN
A3AVYH L

|
A
7
|
_
|
|
|

(s}

- o2
oov
- 009
N 4
£ - 008
i - 0001
1 - 0021
: [oF 10 “f--
F -oo06
! +
! oc 90
~0002
oy G0 1.
. ONODIS m3d Sd s LINO N
: 0s SH3LINOTIN 30NLILIY
! 09 ALiD0N3A L1940 MYNNT
. ERLZERE
08
00i
A [s1
. 002
| 00s
i
; cop
I ocs
009
4 00w
b
[etete
SONODISITIIA

INIL 3BNSOdX3

i

i
'




0¥-2°1/66-2 "1

QQ.NM.@OEOZ Suoljeoy suwry, jnopeoy pue ;
uonnjosay vIdWE) AL ‘ZI-( ‘7'l 2andig
10 M
“ L00'0C008
S0 ,.‘ 0Csl0Ge ™y .
4% COCTGO0NY
4:
, — 20 ‘s - 000'100'CS '
. F- CCO'ou0'Se
S0 -F- occouctor
-3 - co0'eoot
co + 00'ss .
=}-- 000 :COTE
$£ 0 000 h
vo - 00G'000's —y G I 2000
Sy o - -t —4 - 0006
R 4 4.
$0 = 006G 06 H -~ 000'8
+
: - - - 0004
90 R T ma . 4
Lo Mﬂl uILLOR) . . - 000'9
o - - unt ! - 000'
60 : - 0csv
. N0GHAO ‘Ml c3z 3 oo
0 \ — e &
- 000'00Us . s =+ uos'e
= 0Ca' 00 B o 3
oeetoacs (TVLNOZINOH) . - s P
. . . -0 1 T
. 0GC N0 O1IVY TNNiJV-3AILDT443 D £ ) +
- 00T0us"s AIEELY EoT : 1 oose
01174 TWALOV - FAILD3 443 "o F o ]
z ¢00°000' CILVHE NOILOIOS3Y  © = - anee
SITDAIVOIN GG0'006'y ClLvd 193d5v v e 1
§z {oeoco HOLOVA 113N A Jm i S »
030 ' 0o6's ’ :
| H RN MC ' INEA30 +4 Lv,
PR // -
c¢ L0 0uY's ~— - : \7
~. R e +
b 000°0C§ 7 I - oot - 4 ooct
- Sy . ~ + ~F- oce
S coe'cou'2 / ) At DU
(o]
3 - - <0
9 = = mg// - 005" T ;
000'005 " A0 T~ - B
| -2 i ~._ T \\ 7
] S S - 000'2 - 008
- 3- ¢2n i
[ 6 b 20 R F- v
o1 COLUTOC0N E ~f- st RRG Samrel s
700'006 ) I SN E SN T ose .
000'008 I - 1
I oog
o 200002 EvX F- 008t . WCLIVS T3y B
000'009 - RRLA4 -+ [ 4
=+ 004’y +
0z -4z~ 000'00¢ - oo0's 1 092
F 000'0sy + ‘
sz £ ooo'oor —{ aous | .
+ . oo - - 0
-F 000C ~ - 000 -
os kS st - 1
s¢ ~F oco'ous <W! R 1
0 Hﬂ GO — N
oy F- veotose —4- 0000 —de—e G5
1 T SANITNYSS ' S3ANIT NvOS
. F . 3A1103443
os 3 coca0z IvNLov :
T
| c9 T
| - 04 $3124207 % 1
nne
7 08 008 T
302 =
, 06 009 +
, 004 < 006 $371040 - A e Walall
SONDD3S HLGIMONVE SLig
NOILVYHNG LNOQV3Y inuaviy

48 429 W | |



#nmb sv. éj/?d

TABLE I,2.E-1
OPERATIONAL SEQUENCE OF EVENTS

Time Event
T, Launch
until: T, +16 to 20 Tracking and Orbit Determination
hours
Ty +16 to 20 Attitude Change, Mid-course Cbrrection and
hours Re-orientation
until: Tj -2 hours Tracking and Orbit Determination
Ti -2 hours Attitude Change for Injection
Ti Injection: Separate; Spin-Up; Retrofire
until: T, +1 to 3 hours Tracking and Orbit Determination
Tij +1 to 3 hours Lunar Vertical Acquisition:
(until acquired) De-spin; acquire horizon; switch to active

attitude control

T +30 to 40 Program for TV: command for TV operation,
days antenna orientation telemetry; select direct
(until attitude or storage mode of operation.
gas exhausted)
At gas exhaustion Command orientation of satellite spin axis
normal to orbit plané; fire spin-up rockets.
To equipment failure Tracking and Orbit Determination
(est. 1 year) (Geodetic Experiment)

I.2-41/1.2-42
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Section 3
PRELIMINARY SYSTEM DESIGN ANALYSIS

A. RETROPROPULSION

The subsystem for injecting the capsule into an orbit about the moon from the
transit trajectory consists of a solid-propellant rocket with spin stabilization during
firing. Spin-up is accomplished with the Ranger 3, 4 and 5 solid propellant spin gas
generation subsystem,

1. SOLID PROPELLANT RETROMOTOR

The design configuration recommended for the retropropulsion subsystem (see

T N Donn i cnalomnmcme £V vcnmn i NDnemadl cocnn v ONNN  nrcsem ot s nd A1 ] e T i d
LJU DL lllllldly \,uuugul aivivil nepos l-’ wad 4 JUUUTpuUULid LiLuntL buuu—pxupcu 1L

rocket motor with the following design characteristics:
(1) Spherical casing

(2) PBAA/Aluminum/NH4CLO4 propellant composition with vacuum specific
impulse of 280 seconds and density of 0. 063 1bs/in3

(3) Conical semi-recessed nozzle

These recommended design characteristics were based upon the following pertinent
points:

a. A thrust level of 3000 pounds was selected because:
(1) The motor size is compatible with the capsule dimensional constraints;

(2) Steady state accelerations are approximately the same as experienced
during earth launch; and ’

(3) The resultant burning time is compatible with design technology and
operational condition.

b. The propellant specific impulse and density necessitate no development
program,

c. A spherical shape was selected over a cylindrical shape because:

(1) The motor is three inches shorter, which is in the right direction when
considering boost vehicle moments and capsule structural weight;



. o4
e )

TN . g

(2) Lower motor inert weight results because of un improved structural
factor (0,108 vs 0.13), which is in the right direction with pavload weight
as a critical item: and .

(3) The spherical design is a developed item,
d. In consideration of solid rocket design constraints, modification of the Ranger

3, 4 and 5 retromotor would result in cost and schedule very close to that of
a new design for the following reuasons:

.\
[

>
a new 1011

¢

(1) The greater thun 20 pounds decrease in propellant weight would requirc
a grain configuration development effort;

(2) Different attachment would require a case development effort; and

(3) Modifications (1)
. ~F

Table 1.3. A-1 provides a comparison of two rocket motors for capsules having
pross weights of 400 and 500 pounds. The heavier capsule is recommended for the
LOC mission,

The rocket motor performance and physical characteristics used for defining the
preliminary configuration (Figure 1. 3. A-1) arc listed in Table 1.3, A-2. A work
statement on the solid-propellant retrorocket (Appendix A) was sent out to obtain data
from industry for use in defining the final recommended rocket motor configuration,

The companies receiving this request were Thiokol Chemical Corporation (Elkton
Division), Hercules Powder Compuny (Bacchus Division), und Rocketdyne, Wacco

Solid Plant. The information requested was cancellied, prior to receipt of data, because
of contract cancellation.

2. MAJORINTERFACES
a. lLoads

The rocket motor case will be used to transmit the dynamic und static loads from
the capsule to the Ranger Bus.

b, Arming .

The ignition svstem must be armed prior to capsule separation, Ranger satety
rules will necessitate that this event oceur after '"Agena™ first-burn to eliminate the
requirement for a destruet subsystem. ,

¢. TFiring Time

The point in time at which the motor is fired must be varied to compensate for the
change in motor performance as a tunction of propeliznt temperature., This will be
accomplished prior to separation of the capsule from the Ranger Bus.
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TABLE I, 3. A-1

COMPARISON OF ROCKET MOTORS FOR CAPSULES HAVING A GROSS
WEIGHT OF 400 AND 450 POUNDS

Pertinent Factor 400 Pounds 450 Pounds
Pavioad Weight (pounds) 232.9 261.9
Motor Weight (pounds) .
Total 167.1 ' 188.1
Propellant 149 167.8
Inert ' 18.1 20.3
Motor Shape sphere sphere
Diameter Motor (inches) 17,36 18.26
Total Length Motor (inches) 27.86 28.76
Burning Time (seconds) 13.63 15.37
Total Impulse (pound-seconds) 40, 900 46,100
Acceleration (g's)
Initial 7.5 6.67
Burnout 11.8 10.5
Ignition less than 40 less than 40
Rate of On-Set  (g's/second) 150,000 150,000

d. Capsule Separation

The capsule must be separated from the Ranger Bus prioxf to retro firing.
e. Orientation

The capsule must be properly oriented prior to firing of the retromotor.
f. Spin-Up

The capsule must be spinning during retro-firing to maintain thrust misalignment
requirements within acceptable limits,

1.3-3
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Figure 1.3, A-1 LOC Solid Propellant Retromotor,
Preliminary Design Configuration

g. Fire

Initiation of firing will necessitate a 28-volt signal.
h. Motor Separation

The motor will be separated from the capsule |y the application of a 28-volt
signal to the separation device., The separation velocity must be sufficient to prevent
collision between the capsule and burnt motor cuse and will vary according to the
installation configuration. Also, separation must be delayed sufficiently to prevent
collision as a result of motor outgassing after hurnout. Delay time will be {roin three
to six minutes., The maximum motor external temperature will be 400° F at the
nozzle and will be developed approximately one minute after hurnout.
i.  Exhaust Plume

The plume probably will not cause excessive increase in capsule temperature,
but may cause solar cell performance degradation because of metallic deposits, This
item will necessitate altitude test at AEDC,

j. Temperature Limits

The motor temperature must be maintained between 40° F and 90° F.

.34



TABLE 1. 3.A-2
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PERFORMANCE AND PHYSICAL CHARACTERISTICS OF SOLID
PROPELLANT RETROMOTOR (FOR 450 POUND CAPSULE AND
1250 MPS VELOCITY CHANGE)

Pertinent Data

Characteristic

B T =
IICTLlul iancce,

Thrust

Burning Time
Specific Impulse
Thrust Coefficient
Specific Heat Ratio

Chamber Pressure

Nozzle Half-Angle

Acceleration (g's)
Initial

Burnout

Ignition

Physical:

Propellant Weight

Inert Weight

Sliver (usable)

Nozzle Expansion Ratio

Rate of on-set (per second)

Propellant Composition

Structural Factor (includes
mounting ignitor and sliver)

Thrust Trace Characteristics

Thrust Misalignment*

Volumetric Efficiency

3000 1bs (average)

15.37 sec
pounds-seconds
280 pounds

1.867

1.17

600 psia (average)
24

16 deg.

6.67

10.5

less than 40
150,000

PBAA (13%)/Aluminum
(15%) NH4CLO4 (T1%)/
Additives ( 1%)

167. 8 lbs (includes sliver
loss) '

0.108
20,3 lbs
neutral and stable
2%
0.101 inch
92%

*Displacement is measured at the nozzle throat; this is assumed to be sufficient to
account for the up-setting moment on the capsule caused by thrust vector displace-

ment and angular misalignment.

L.3-5




3. SPIN ROCKETS

Preliminary analysis indicates that Ranger 2, 4 and 5 spin-rocket installations
would be sufficient. Thus, this svstem, which consists of a simple gas generator
(0. 6-pound propellant) supplying three symmetrically disposed torque nozzles, is
recommended. In view of this recommendation, little effort was expended in this
ared,

1, 3-6
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B. ATTITUDE CONTROL SUBSYSTEM

The final report on Phase I of the Lunar Orbiter Capsule Study included descriptions
of two alternative stabilization systems — a pure jet, 3-axis control system (identified as
System A), anda system comprising a counter-rotating platform mounted on a spinning
main body (identified as System Bj. Only the 3-axis system was considered in any
detail during Phase I. However, after discussion with potential vendors, it became
apparent that the development time of a horizon scanner for this application would be
in excess of 12 months and that the cost would be of the order of 1.2 million dollars.
Therefore, an alternative approach, requiring a much simpler sensor, was briefly
examined. In the first month of Phase II, this alternative approach (System B) was
analyzed further, and the preliminary designs for both systems were evolved in
sufficient detail to enable a fair comparison to be made between them. (A discussion
of System B is presented in Appendix C). In the second and third months of Phase II,
preliminary specifications for the subsystems and components were to have been
derived on the basis of the selected design. This final phase of the work was not, of
course, completed.

Table III of the LOC Preliminary Configuration Report lists the advantages and
disadvantages of both systems (A and B); hence, they will not be repeated here.
However, in summary, the advantages of System A are:

1) Very low residual error rates permitting long exposure times for TV.
‘ The advantages of System B are:
1) Fewer development problems (particularly with regard to sensors).

2) Greater weight and power margin. .
On the basis of these characteristics, System A was selected and further analysis
of the attitude control subsystem for this design commenced. The problem of
horizon-scanner development remained. The estimates of time-to-delivery from
either of the two most probable manufacturers (Barnes Engineering and A. T. L. )* did
not exceed 15 months. However, these estimates were based on the assumption that
few, if any, development problems would be encountered. In the opinion of RCA, the
proposals contained insufficient evidence of the feasibility of development in the
estimated time for the company to embark with confidence on a design incorporating
a lunar IR horizon scanner without some ""back-up' approach.

For this reason, much of the effort subsequent to publication of the configuration
report was devoted to devising a back-up system which would require the least
modification of the primary system incorporating a mechanical IR horizon scanner.
The alternative method would employ a lit-side horizon sensor only, the drift during
darkness being limited by a ''strap-down", 3-gyro mechanism. Two single-degree~
of-frecedom gyros would be required to obtain yaw control in any event (in each case,
the vehicle was to have beenstabilized with respect to lunar axes) and a third would
possibly be required to provide pitch information; thus, it is conceivable that

* Advanced Technology Laboratories
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modifications to the logic only would he required to transform from one system to the
other. A block dizgram of one possible form of an’ alternate system is shown in

Figure 1.3.B-1. Both time and funds were insufficient to investigate the charucteristics

of this system on an analog computer and thereby derive specifications for the
components. The gyros required would undoubtedly be of higher grade. However,
ordinary spring-restrained rate gyros were ungatisfactory for the primary system
(continuous horizon-sensing approach) in any event; thus, inertial-grade* components
would be emploved in either system. Perkin-Elmer, Inc. completed a preliminary
study of a fully passive "lit-side” lunar horizon sensor at RCA's request. The
conclusions of this study are summarized later in this section.

SWITCHING AMP
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16 H 3 (THRESHOLD NOZZLES
CIRCUIT AND
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[
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—e
{ SWITCHING Auﬂ . L
6 DEMODULATOR
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’ T6 H SG (THRESHOL D NOZZLES }—
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m | ROLL GYRGC AMPLIFIER) .
| Dbl | l__.. SE—
DAWN/OUSX ‘
CONVERSION —
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| { SWITCHING AM
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A, { 16 W $6 (THRESHOLD NOZZLES
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Figure 1. 3. B-1 Block Diagram of an Alternate Attitude Control Subsystem

1. SUBSYSTEM ENGINEERING

The major systems cffort during Phase 1 was devoted to the layout and con=
figuration of System B, the pinned system. However, System A was recommended,;
hence, the analysis of System B is presented in Appendix C to this report. The
mechanical problems involved in the approach of System B were greater than those
arising on the jet-stabilized design. These problems have a direct bearing on the
performance of the stabilization. It will be sufficient here to recall that factors such
as bearing clearances, bearing friction fluctuations, dynamic halance, shift of the

*High-precision components required for inertial-guidance systems.

I.3-8
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principal axis, and inertia distribution directly influence stabilization accuracies.
The last two of these factors were considered in some detail, and an analysis of each
is included in Appendix C.

a. Pure Jet System

The effort on System A (the jet system) subsequent to issuance of the Phase I final
report can be divided in 3 main parts:

(1) Analog simulation of horizon-scanner/gyro-compass system;

(2) Discussions with potential subcontractors and evaluation of their proposals;
and

(3) Preliminary investigation of a possible back-up system.

Further analysis of the final phases of the mission (spin-up and erection) was
not considered of primary importance at this stage because the techniques are similar
to those employed on existing AED satellites and are well understood. The only
problem area of significance appeared to be converting the horizon scanner to a
horizon pulse generator to act in conjunction with the solar aspect indicator to uniquely
determine attitude after spin-up. AED was assured by the manufacturers that con~
version could be made automatic and accomplished simply by de-energizing the
rotating-mirror drive motor. In any event, if this were not possible, a separate
detector could be provided.

The de-spinandacquisition technique recommended originally in the Phase I
Final Report was somewhat modified, principally because the attitude control system
itself was redesigned around a yaw sensing technique using two single-axis gyros
rather than around a gyro compass. (Subsequent discussion with manufacturers
showed that the time schedule for development of a gyro compass would be incon-
sistent with the time schedule of the LOC project.) It was further decided that ac-
quisition should be automatic. Therefore, a knowledge of the final orientation of the
vehicle (after de-spin) was not considered to be mandatory (see Section I1I. 2. g of the
Phase I Final Report) and, in particular, it would not be necessary to minimize the
spin axis drift during the time between retrofire and acquisition. Two gyros, both of
which could be used in a rate mode, would be included in the modified attitude caon-
trol system; hence, only one more (which might be required in any event) would be
needed to close the loop of an active despin system using the attitude control jets.
However, as with the gyro~compass system, the benefit of retaining the small
residual spin of approximately two degrees per second remains. In this event, as
before, the plane normal to the spin axis (which contains what are to become the
vehicle yaw and roll axes) can be taken as invariant over one, or possibly two,
orbits. Therefore, the line of intersection of this plane and the orbit plane will also
be invariant and must at some time coincide with the local vertical. Consequently, a
single rotation about the original spin axis would bring the vehicle "yaw'" axis into
coincidence with the local vertical, assuring acquisition of two references
simultaneously. In fact, it was found that no augmentation of components of the jet
system would be required for this maneuver (although the loop gains needed adjustment).

1.3-9
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The discussion in the Phase I Final Report (Section I1I 3e) of this and the following
phase still applies in other respects.

1) Analysis of Equations of Motion - The equations of motion as defined on Page III-39
of the Phase I Final Report on the Lunar Orbiter Capsule Study were utilized in

further analysis of the vehicle motion. The small-angle equations were used in order
to simplify the analysis to linearized form. The reference axis, from which the body
axis angular displacement is measured, rotatcs at the instantaneous angular body rate
(a constant rate). This is assumed in the calculations for a circular orbit.

The small-angle displacements in roll, pitch, and yaw are given by the complex
equation:

§+ (\-2) wj 0+ (\=1)® 0= L/A

g - /
02 1/B

where:
n = ()1 + ] !;3
91 = roll angle
()2 = pitch angle
93 = yaw angle
L = Ial + J 112
L1 = roll torque
L2 = pitch torque
L3 = yaw torque
A=C= cross axis moment of inertia

jov)
1]

spin axis moment of inertia
@ =w= sgpin axis rotation rate

- B
MR

The eigenvalues for the roll=yaw coupled set become:

S = j(l=N)w jw

L3-10
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where (1-)\) wis the vehicle precession rate relative to the rotating coordinate system,
and w is the vehicle spin rate. In terms of a vehicle stabilized relative to a moon-
oriented framework rotating with velocity §2 about the roll axis:

w = Q.
In the Lunar Orbiter Capsule study, the inertia ratio of the vehicle will be very

close to unity; hence the factor (A -1) is approximately equal to zero. A further
simplification of the coupled equation is possible:

0+ 0 (\-2)jQ = L

or
.o . _ Ll
) = (\-2) @0, = /A (Roll channel)
. . L3 :
03 + (A\=2)Q 01 = /C (Yaw channel)
. LZ
0, = /B (Pitch channel)

The control requirements of the Lunar Orbiting Capsule are essentially divided
into two phases; initial acquisition, and stabilization with reference to the lunar
local framework. During the stabilization phase of the mission, attitude control is
accomplished by torquing jets on each of the principal axes of the vehicle. In turn,
these jets are activated by position signals arising in horizon scanner sweeps on the
roll and pitch axes and rate information developed from the gyro compass on the yaw
axis.

The jets are utilized in On and Off modes, with cut-in and cut-out determined by
position and rate data from the scanners. Phase advance in the jet timing system,
for purposes of stability, is obtained by adding a rate term to the position signal.
Hence, the conditions for cut-in and cut-out become:

. Al ‘
- = - —— - R -
Jet cut-in 0 00 > Jci i
A6 :
= —_— =« A —
Jet cut-out 6 00 + > f gco €co

I.3-11



where:

58
D
i

€ .y5€
ci’ “co

Position for jet cut-in and cut-out (degrees)
Time (position) delay zone, (degrees)

One-half the total dead zone (degrees)

egrees

pndse advance (.,Ullbldjll\ egrees Seb

= Additional phase advance terms to be described

Figure 1. 3. B-2 shows the limit cycle phase plane diagram.

REDRDER

1.3-12
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Figure I.3.B~2 Limit Cycle Phase-Plane Diagram
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Figure 1. 3. B-3 illustrates the programming utilized in the analog computation of
vehicle response and gas consumption. The right-hand side of the figure represents
the vehicle dynamics in the rate and yaw channels expressed in the linearized equa~
tions. The transfer function from input torque to position out is:

L, + 03 A (Q) (2-)\)

(Roll) 0, =
1 A(s?+n-1)
L, + (}1 C () (\=2)
(Yaw) 03 = — 5
A (s + )\—1)

For jet switching and compensation, the left-hand side of the figure illustrates
the system proposed initially. In the roll channel, the ‘horizon scanner detects the
position error, 01. This information, in combination with 01, is used to form the
sum (1 + 3 07 which is thresholded at 0, for triggering the jets. Compensation
for the cross-velocity-coupling inherent in the vehicle dynamics is accomplished by
the addition of a term proportional to the cross axis velocity, 63.

2) Analog Computer Programming - The programming of the Analog computer follows
essentially the flow diagram of Figure I.3.B.4. However, the dynamics of the
vehicle were simplified by setting (A-1) equal to zero.

The analog programming shown in Figure 1.3.B-3 is accomplished in the con-
ventional manner. The phase advance and the switching and torque circuits are
delineated. The time delay zone is obtained by the use of amplifiers 2 and 3.
Amplifier 2 is voltage-limited until the input voltage exceeds the values imposed by’
potentiometers 13 and 14.

The dead zone circuitry is similarly constructed. In this latter case, the input
voltage must exceed the voltage imposed on potentiometers 49 and 50.

The input driving voltage to the vehicle dynamics is obtained by pulse generation
and subsequent clipping to assure a constant amplitude. The series diodes prevent
leakage of reverse voltage to the torque input. The torquing circuit is shown in
Figure 1.3. B-5. Integrator 16 is the pulse-width counter, and accumulates the total
impulse for the runs. '

Note that noise input points are specified on the analog program sheet. These
are indicated by the symbol ¢ into Amplifier 1 (in the roll gyro channel), Amplifier 2
(in the horizon sun channel), and Amplifier 33 in the yaw gyro channel. Random
noise was injected at these points; the noise having a magnitude approximately 10
percent of the dead zone angle spread and 10 percent of the design limit cycle velocity.

I.3-13
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Figure 1. 3. B-6 shows the schematic of the low-pass filter used to pass noise
signals from the random-noise generator into the switching channels. This is
essentially a maximally flat Butterworth filter, with a low-pass corner at three cycles
per second. The transfer function is:

3

in w .
= 3 3 3 3 . (Filter Transform)

out s + 28 w+t 28w + g

with one real and two complex poles.

Figure 1. 3. B-6 Block Diagram of the Low-Pass Filter

Table I. 3. B-1 shows the values investigated by this computer program for this
study.

3) Conclusions -~ The analog programming was checked against computed values of '
velocity decrement in the transient mode. For the case of each individual channel,
the analog results paralleled those obtained by the use of the curve shown on Page
I11-45 of the Phase I final report (Figure I1I-B~14, Velocity Relations for Limit
Cycle Control). Gas consumption, computed by iteration from the analytic data, was
confirmed. The addition of the cross-coupling terms changed the patterns only
slightly. The straight-line dead zone plots of the single-channel results changed to
flat arcs.

1.3-17
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TABLE L 3.B-1
VALUES FOR INVESTIGATION BY COMPUTER PROGRAM

e T
l Paramecter Value :
}_,__b-__m_“_ N N - N e
Moments of Inertia '
_ ) !
B lspm 6 osi. ft.” |
L2 |
. =C =1 _ 0.95 (6) sl, ft. 1
| Cross |
Q one orbit in two hours f
|
f !
! i + 1°, 1-1/2° ;
o 1°, 1-1/ |

. A 0. 1° i i
! ' |
i i
Lk 1,0.5 1
i Jet thrust ! 0,01 1b, "
i ;
i Jet moment arm g 1 ft. |
| |

[ Limit cycle velocity 1 0. 01°/sec,
— e e e e S, s R e e e o e e e e = - — e [ |
\

The uddition of 10 percent noise to the input channels increascd propellant con-
sumption. However, it is significant tha added nosse {5 sometimes effective in
returning the deud-zone velocity to practically zero. This is due te the random
occasions in which the noise triggers the jet cut=off ut the proper time. The vehicle
v across the dead zone wnder these conditions. Such G passage taxkes
tynically from 30 to 80 minutes,

Avift o srmymy =t Tor
Gleh VOTY S1OWLY

Figures for gas consumption with noisc added are:

1. Dend rone + 0,5
= 2 0, 05°
2

Noise 107 of " and ot 0, 01%/cec, (Both chanuels)

Il B 3
A Y ]

i,3-1%
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Total impulse, 5.45 lb sec./day

Roll channel gas consumption _ 130

Yaw channel gas consumption = 87
IL. Dead zone = t1°
a0 = +0,05°

2
Noise added 10% of 0, and 0. 01°/sec.
B =5
Impulse required, 3. 29 1b sec./day (Both channels) ‘

Roil channel gas consumption _ 4

Yaw channel gas consumption 3

II1. Dead zone = £ 0,5°
A0 .
) + 0. 05
Noise added = Zero

B =29
Impulse required, 3. 12 lb-sec. /day (Both channels)

Roll channel gas consumption _ 51
Yaw channel gas consumption 50

b. Horizon Scanner Back-up System

Before embarking on a discussion of the approach proposed in the event of serious
problems being encountered in horizon scanner development, a description will be
given here of the first two-single-axis gyro system conceived as an alternative to the
gyrocompass. This system was not presented in either of the earlier reports because
at that time, the availability of a two-axis gyrocompass within the time period of this
project was anticipated. Both time and funds were insufficient to complete a computer
study of this technique; however, earlier work at AED had established feasibility.

The disadvantage of the method lies in the fact that coupling is introduced through the
sensors, adding to the effect of that already existing because of the shape of the vehicle
itself (unequal inertias). Therefore, it is to be expected that propellant consumption
using this system would be higher than that for the gyro-compass system.

A clear idea of the method can be obtained from the block diagram for the roll and
yaw channels (see Figure 1,3, B-7). The gyros are used solely in the rate mode.

I. 3-19
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Figure 1. 3. B-7 Block Diagram of the Roll and Yaw Channel of the Horizon
Scanner Back-up System

The notation is the same as that used in the Phase I Final Report: 43, (4 are
small angular displacements from moon=-centered roll and yaw axes and ¢ is the
orbital angular frequency. Also for the vehicle's principal moments of inertia
(A, B, C) in roll, pitch and yaw, the roll and yaw equations of motion (as given
previously) are, for small values of 77 and f3:

Al (A CBya i, - 4B-00 1 = L

.. . ' 2
C fhy = (A + C =B)Q “1 t (B=-A)Q 03,= L3

Neglecting the small restoring torque arising from the last terms on the right-
hand sides of these equations, the control torques Lj must contain terms proportional
to 01 and »i{. The outputs from the three sensors are:

Horizon Scanner — N
Roll gyro . - 01 4 Q03 = @ (day) '
Yaw gyro - <;3 -Qul s g (day)

Thus, L will contain the required terms if it is of the form

L, =a_ v *blw

1 171 1
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where aj and by are constants, and, similarly, if:

L3 = a3 wl + b3w3

the required yaw angle and its derivative will be included.
Algebraically:

Ly = (3 0y + by )+ (b @ 0g)

Ly = (a3Q 0, + b, 63) + (a3 (51 - b, @ 01)

The second term in each of these expressions contains the additional coupling terms
referenced above and, in fact, the motion is unstable because of their presence.
R T -~ 34 e Lo ~lhecn Shend bt ¥2a . 2 L3 0 oAb 4l A tt A N §
uuwovex, IL 1lad UCCH dDUuUwiL LAl de-U.Llll.y Id acilieveud i1l e Lerin L,Ullldllllllg Ul 11l 113
is removed. This is readily accomplished by introducing the cross-feedback loop
shown dotted in Figure I, 3, B-7.

When System A was finally selected for detailed study and the pinned system dis-
carded, it became necessary (in the opinion of AED) to develop a further alternative
for use if scanner development should fall behind schedule. The system selected was
one incorporating the "lit" side mentioned earlier. In this case it would be necessary

‘ for the alternative to be identical, in nearly all respects, to the primary system
‘ (with the exception of the horizon sensor itself) so that minimum modification would

be required in the event of a reappraisal. The rate gyro approach is certainly
adaptable if a gyro is included in the pitch loop in addition to those in roll and yaw.
It has one disadvantage however, inthat the horizon scanner output tends to be noisy.
This problem can, to an extent, be overcome by "integrated jet-on time' feedback
(see the Phase I Final Report); however, the gyros are required in any case as an
inertial reference during darkness (in the back-up system), and may as well be
utilized during horizon-scanner operation as signal filters. The gyros were used in

- this way in the system ultimately selected for detailed study. The system devised is
shown in Figure I, 3. B-1. A torque generator fecdback loop is shown around each
unit; however, in this system, the gyros are used in an integrating rate and not a rate
mode as before. Thus, the output of the signal generator is compared with the horizon
error signal from the scanner to continuously updatc the gyro. Noise on the scanner
input can be removed if the gain in the forward loop is not too high. Conversion to
night-time operation can be accomplished by simple switching as shown.

During daylight, when the scanner is operating, all three gyros are continuously
updated; hence, the tolerable drift rate is simply a function of the duration of incrtial
stabilization (zero for the primary system and not more than one hour for the back-up
system). Consequently, a drift rate of one degree per hour would be satisfactory;
this rate is well within the tolerance of any existing incertial-grade gyro. A morc
stringent requirement is placed on the pitch gyro (in the back-up system) because of
the need to compensate for the orbital angular velocity (approximately 180 degrees
per hour). A specified drift of one degree per hour would require torque gencrator

I. 3-21
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Hnearity of 0.5 perceent, o vaiue which i- smsreinal, A larger drift (e.g., two to throee
degrces per hour) may have o be toleratod; noweve:r, this wili not seriously affect
prope lLuzL conpsumption,

The switching time reterence cai be taken from the master clock, the sun, or
from the 'lit=side’ sensor itself. Peviin=-flrer took the & Mm um«htwm Qs A require -
ment in their study of the swepsor aad bodjeaie! that it was

1
\ ..........

Unlike the first system described, the arrangement permits minnnizing thv

vt 3l s tha savanya althe u.-u'h Y \ h.lq R T A T I TS e kS i it
VIV 7udidIn 111 LT U LIl O u.x\u\:uz Siv o O L\/ﬁﬁ’LL i SUPPLIRTL BJ0 LU Uy LLAAA&IAA u.\ ida
Counscquently, it was anticipated tiiit the propelts yuirements computed for the

original gyro=compass system would apply ppxo\mmlcl “in this c.=e. However, no
firm cumluswns could be drawn without recourse to o simulation s 'mlar to that
carried out in the former case, and it is regretted that this work was not completed
hefore termination of the contract.

Inter-axis coupling and noi=e can be minimized by prope
ming ampiifier ad toique seoeraton gains, Far the case ol
summing amplifier gain to he A volts/velt, the torque generidor gain to bv G orads/
see. /volt (e.g., assume that the reaction to the torque is pure ly viccousy, o oto be the
noise on the H, R, signui, 4 to be the driit of the gyro, and ";"I‘ tu boe the ride of float
rotatien due to the torque generator,  Then.

! -4 - \ s
/\(i vl U) €

o lention “the sum-
?'.

. 1 = PP
DY DO Vo, AxbdbUulie ine

- (i O
‘g. é; l 4
SV
"',(:)L. 4 4 S ) i) + f o
A ,l. . l J T :: . y

(note that o+ v, is the roli component of angular velocity,)

1 3

Eliminating U trom these relations vields:

Q hoe S GAL
S T S

(Q G, + S 6 GA )
" Ap=A Tt e Ly

14
where S denotes R Note that drift rate and not drift appeirs in these expressions,
Conscquently, the error resulting from drift will be negligible.  Also, the {requency
# will be large compared with the frequency 715 thus, the noise in the roil chunnel
will be suppresscd by the gyro. Further, in the first equuatiou, the coupling term

ccan be minimized by increasing the product GA. However, if this product is very

targe (v, = 0 + r), the advantaze of using the gyro as a filter is fost. Therefore,
some optimum value of the gain product exists,
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[t can be seen from the sceeond equation that the output of the summing amplifier
rives @ omeasure of the yaw error . Inthe steady state:
B \ CRN 3

3
- .»‘] \.:.k,
O 1 (@I
Qo]
5 - . PR D
‘ Y € - P (IR Y Lollg.',Ll
t L (1.‘\J 1

The problem with a simple system, consisting of only one gyro, should be clear from
these relations. Describing the coupling in the first of the equations as "noise” it
)

YS

c:in bhe seen that varving the gquotient merely improves the sicnal—-to-noise ratio

ir one channel at the expense of the other. Tiercfore, it is necessary to introduce a
scoeond (yaw) filter to smocth the signal ;i second gyro is proposed for this purpose.

Thix course is feasible because & is much greater than 4. As un example, if 01
)

4

and 71y are in degrees, the quotient GA is dimensionless (where 2 is in radians per
N 1t

sceond, G iIs in seconds, and A is dimensionless).

If 10 percent coupling can he tolerated in the roll channel, then

Q2
«

GA C a0

[(.‘1 and A, are, to all intents and purposes D-C.]
J

O = 0,82 x 10'-3

. GA >>3.3 1078

Also:

4]
-/E = A 10 .

Thus, yaw resolution is critically affected by roll noise in the horizon scanner and
a larger dead-zone would undoubtedly have to be tolerated in this channel. Although
such a characteristic leaves much to be desired, yaw accuracy is not as critical as
roll or pitch, Without analog simulation, it would be premature to report that this
system is better than the rate gyro system. However, at the termination of study,
it was considered that one of these two approaches would be adopted for the LOC.
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The magor developers onr nonufacturers of optical seasors were ooded (o sub-

it proposals tor a sensor - apiine of providivg twe-osis crror information using
~elenographic cocrdimates (v veloele attitad s contrel (in the piteh and roll ases).
three major companies subanitted proposals that described roligble methods of
detecting the foewd vertwu! teom o funar orientess, s-axis=-staniiized vehicle, in a
funar orbit woan altitaae ol 200 50 ki, Twoe G the proposed methods uge horizon=
splitt:ng techniques oo derive two-axis informidon, wiile the thivd nethod utilizes o
horizor trucking method that wili be employed (o the Gomint satelhite, Barnes bngi-
accrine sueeested an clectro=mechanical infrarved zcanner, sensitive in the long-
wavelenoth speetrun, which emplors two space-tested motors; bolonmeters, and
specially desigred mirvors to seun and detect the lunar horizon at two points per
daxis.  This proposcd device was -tudted and was found to he sound u principle. It
would be satisfuctory for the LOC mission if the weight wnd power consumption couwld
bhe reduced to an acceeptabic tevei, The developers indicated thing it wos poscible to
reduce ithe weirht to S pounds ondd the power requircment to 1u voatts with littie
sacrifice in rebidd

detail laier o this section.
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voand operctional Bley This IR scanner is deseribed in greatey
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A second horizon=splitting technique was pronosed by the Perkin-Eimer Cor-
poration utilizing a siwmpliticd mosaic genzor arrvangemeont which requires no moving
pacis and very simple logic. This method was based on o sensor arrangement designaed
at RCA tfor the purpoese of climinating mechanical parts and reducing power and weignt.,
This proposed sensor nould operate with a high degree of reliability in the visible
specetrum, and would be vsed for continuous control on the sunlit portien of the moon
with an accuracy of + 0.3 wegrec of are.

The horizon-traciking scheme developed tor the Gemint n-ission by Advanced
Technology Laboratory wus aiso proposed for the lunar crbitng satellite. Using a
tong=wavelength infrared detector, the sensor s oseitlated throusgn £ 2 degeees while
tracking the horizon of the ohiect disk, whoen fthe vehicie yaw axis coincides with the
local vertical, The ogcillutions provide specaal filtration qand tend to minimize the
effect of bodies protruding trom the objeet diskie When pooperly oriented; this sensor
would provide finearly proportional crrvor signads with an accuracy greater than 1
degree over o large viariation of sabtended eagles.

All three of the proposed methods have meriis that would be beneficial in the
successtul operation of o lunar photogriaphic mission.  In the investigadons of sensaors
applicable for this roission, the foltowny evaludton chart wis w=ed (o derive a figure
of meri: for each of the three sosors the roumbers represent the order oi proference),

s Periin-f.imer AT
Retinbilits 2 1 4
Development Probiems 3 i 2
Power and Weight o l i)
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Barnes Perkin-Elmer __A_I‘I_
Ulexibility 1 R 1
Lifetime 1 1 | 1
Cost 3 1 2
Accuracy 1 1 i

In nearly all categories, the Perkin-Elmer sensor design has advantages for
application in this mission. Although the initial intent was to consider a contractual
agreement with either Barnes Engineering or ATL, the late entry submitted by
Perkin-Elmer would have been considered as a primary sensor having a high probability
of success in this lunar photographic mission. However, there was a suggestion that
this project should carry a program for the development of a general-purpose lunar-
horizon sensor. For this reason, the system incorporating this visible detector was
proposed, at termination of contract, as a back-up approach.

a. Perkin-Elmer Corporation Mosaic Sensor

A simplified lunar horizon sensor is proposed involving no moving parts and an
unusually simple logic. The scnsor is designed to provide attitude information with
an accuracy of + 0.5 degrec for lunar rcconnaissance at a distance of 250 + 50 km.
Even greater accuracy is obtainable with some increase in system complexity.

The vehicle's inertial platform is used in conjunction with a ""gyro updating'* con-
cept to take advantage of the high signal-to-noise ratio provided by the sunlit lunar
horizon. Thus, sensor-derived attitude control is used when orbiting the sunlit side
and gyro information when orbiting the dark side of the moon.

A simple three-valued digitad logic is used in conjunction with 40 mosaic photo-
conductor elements to provide the required output crror signal. A Dawn-Terminator
Sensor and a solid-state counter provide a delayed command signal to start and stop
operation so that accuracy will not be degraded in cither terminator region,

The use of a unique type of parallel logic and a pair comparison technique pro-
vides insurance against catastrophic failures. Failure of any one mosaic sensor
clement or any logic circuit component will produce a maximum crror of 1 bit or
0. 375 degree in one axis. Additional random failures will tend to cancel out rather
than increase the error. This, combined with the completely passive sensor oper-
ation, leads to maximum reliability of the device.

The proposed optical inertial attitude system employs highly reliable devices
within the existing state of the art to provide local vertical without the need for far-
infrared sensing or a complex computer logic. The Mosaic Lunar Attitude Sensor
consumes only 2 to 3 watts of d-c power and weighs less than 2, 5 pounds.
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l Attitnde intormation with respect to local vertical is required ot an artificial

moon suatellite operating at an altitude 250 & 50 km from the lunar surfuce,

The satellite orbit is inclined 30 degrees with respect to the moon's ccliptie, The
space-vehicle subsystem must provide an analog signal to correct pitch and roll errvor
with respect to local vertical. A\ sensgor tolerance of & 0.5 degree i pitch and roll

1s specitied.  The lanar hovizon subtends a half-angle of 52750 to 63940 for this
geometry (see Figures 1,00 B=> and 1, 5. B-4),  The suggestad nassion requirements
would he to photograph or tetoevise the Tunar surface; henee, attitude orientation of the
camera with respect to the moon is required primarily during the daylizht portion of
the orbit, The mission churacteristics provide for a minimum operational period of
30 davs. Al areas of the moon will be suntit 9t some time during this interval,
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Figure I.3.B-9 Vehicle-Moon Relationship at Maximum Altitude

The dark side of the moon reaches a low temperature of 120° K. Its thermal
radiation is supplemented by earthlight during a portion of the month. Earthlight
provides an illumination of up to 1.8 x 10~3 lumens per square cm. As for the
moon's own radiation, 120° k corresponds to a spectral response in the far infrared

region (24 to 30 microns).

The bright side of the moon has a brightness of 13,700 to 14,700 foot-candles at
normal incidence and has a mean albedo of 0, 073. Its minimum albedo is 0, 02; its
maximum 0. 3.

A visible-light sensor presents a simple method of obtaining the local vertical
on the sunlit side of the moon, where it is needed. The inertial platform is utilized

i T Ao nto r lld 1 th v Ing _3nr~nnc|1|nn nnrrnnhnn

to maintain coarsc attitude afte Sk, ius ninimizi

after each ""dawn'.

It is proposed to use a photoconductor mosaic composed of four mosaic strips,
cach subtending a narrow field in one of four quadrants (see Figure I.3.B-10). Each
mosaic strip is composed of ten photoconductive elements, and each element is con-
nected with the corresponding element in the matrix in the opposite quadrant. The
output voltage from any clement pair is zero if the elements are both illuminated or
both dark. If only one element is ""on", an output voltage wiil be developed, the
polurity being dependent on which of the two quadrants is illuminated. In this manner,
all of the useful information is derived from the lunar horizon.

The logic circuitry is used to determine the output voltage of every element pair

in cach axis. By summing the output voltage in each axis, an analog voltage pro-
portional to attitude error is developed for both pitch and roll.

I 3-27
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Figure 1.3, B-10 Mosaic Arrangement of Visible-Light Sensor

A null condition will result when there are an equal number of "on" elements on
two opposing sides of the mosaic detector in the piteh and roll axes respectively.
This null condition is equivalent to locul vertical orientation in cach axis.

An 0. 75-degree field per mosaic element, with a 10-mm focal length, provides a
cell element size of approximately 0.5 mm (0.020 inch) which is considered entively
feasible by the photoconductor manufacturer., A dichroic filter can be added to euch
lens to provide heat rejection when aceidentally looking at the sun,

A mosaic detector array to view the sunlit side of the moon can be buill using,
photoconductor elements.  Photoconductors include botlh photoresistors and photo-
transistors. At the present time, the reliability of phototransistors is less well es-
tablished and the minimum state-of-the-art cell size is orenter. Therolore, RCA
would plan to use photoresistors, hereualter referred to as photoconductors,  Cadimium
selenides and cadmium sulfides, with peak sensitivities of 6900 and 5500 angstroms
respectively, are clements of proven relishility,  Cadmium sulfide has a slightly
longer time constant (53 mscee) than cadmium selenide but is less temperature-sensi-
tive and has a higher on-oti ratio, The reliability of cadmium sultides has been thor-
oughlv investigated by the Jet Propulsion Laboratory and others.  CdS photoconductors
have heen successtully u=ed on the Ranger and Myriner spacecraft as part ol a sun
sSensor,

As indicated earlier, light levels on the sunlit side of the moon vary {from fifteen
to scveral thousand toot-candles.  For an /2 lens, this light level range will provide
a cell illumination of trom one to several hundred foot-candles, giving an "on" state

K

of from 1000 to 20,000 ohms, An “ofl" state will be greater than 500, 000 ohims,
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This on-off ratio of 25 to 1 greatly exceeds the minimum signal-to-noise requirements
and obviates the need for sophisticated data processing.

A separate element looking straight down will serve as the ""dawn' sensor. Light
on this sensor will turn on a solid-state counter which, in turn, will transfer attitude
command from the gvro to the sensor control 15 minutes after dawn and switch back
to gyro control 38 minutes later, This program will eliminate sensor attitude errors
caused by partially illuminated ficelds of view even under the worst conditions of alti-
tude, orbit incliniation, and albedo,

A more elaborate control system could be used to give partial capuhility in twi-
light and dawn arcas; however, the complexity involved does not appear justified.

Sensing clement reliability is increased by the unique parallel logic used., Failure
of any individual element pair will not affect the operation of the other element pairs.
Redundancy has been used within each mosaic to further increase reliability.

b. Barnes Engineering Horizon Scanner

The optical arrangement of each of two heads comprises a collector mirror, a
"paddle-wheel" scanning mirror, f{ilters, and thermistor IR detectors. Each of two
heads provides signals indicative of vehicle attitude relative to the lunar local vertical
about one axis. The scanning mirror is arranged such that it scans the IR detector’s
instantaneous field of view from an angle of 105° above the vehicle yaw axis to an
angle of 45° above the yaw axis in two scan sectors situated 130° opposite in space,
generating two live-scan "fans' (0 - A1 - A2 and 0 - By - B2) in space (see Figure
1.3.B-11). The "A'" and "B" fans are generated in time sequence.

0-A' - AZ AND O B|—B

2 ARE ACTIVE SCAN PATHS

AZ—B - 8' AND Bz- A —Al ARE ELECTRONICALLY BLANKED

Figure 1.3.B-11 Geometry of Barnes Engineering llorizon Scanner
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. A double-thermistor infrared detector eliminates sun and carth signals to prevent
errvoncous signitis.  The infrared detector comprises two t-mm x J-mm thermistor
flakes separated by oomm, This results in an instantincous optical ficld of view com-
prising two 1% x 5° ficlds =epavated by 3% in a direction normul to the sceanning plane.
This ficld of view is scanned in space by the "paddle=wheel” scanmdng mirror, which
cotites about an axi= pormal to the optical axis,  The poaddle -wheel scannimg mirror
construetion results in scanning hall the aperture during cach active scan period.
Thus, the semicvlindricnl seanning beam is detlected oft one of the "Vee' mirrors,
thus rotating the sean plane 80 degrees cuch that it is parolicl to the mirror spin axis.,
When the other semi-civeulor section of the paddle-wheel scanning mirror begins its
scan period, it defiects the seanning heam oll the other Vee mirror, causing the de-
tector's instantancous ficld of view to scan in a Jdivection 130 degrees opposite to the
previous scan.

The scanning mirror is double-sided; henoe, two scuns of apposite horizon edges
are made for each revolution of the seanning mirror. Therefore, it can be seen that
the conter of the instantaneous field of view scans a sector of a i~ ~degrec apex angle
cone in spiace per daxis.  Ina discussion with the designers, the following points were
brought out:

* 1. The scamer is a new developnient;
2 Two seanning heads are necessary for two-axis control;
‘ 3. The scanner is linear over a wide runge;
1. The total weight i= 12 lbs:
5. The signal-te-noine ratio is 29 to 1t
6.  The operational life is 21, 000 hours; .

Irreculavities will not result in errors reater than 0,3 degree at an vititude
of 200 km;

5. By proper processing, the etfeet of carth-glow, Lunar Terminator, or direct
sun are minimizod;

9. The initial cost estimate for design and development is $9-03, 000, white tlight
models are estimated at 50, 000 cach; and

10, The development time, including testing, would be between 1Zand 10 months,
c. ATL Horizon Tracker
The horizon tracker uscs a dual motion of the ficld-ol-view of w single infrared

telescope, As shown in Figure 1.3.B-12, the unit scans back and forth along a 160~
degree sector of the horizon at a frequency of 1 cps, Concurrently, the line of sight
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Figure 1.3, B~12 Geometry +f ATL Horizon Tracker

is vscillated or "dithered' by a mirror through 1 degroes at 20 cps at right angles to
the horizon. The horizon edge is tracked at this high speed, and the variation in
average position of the line of sight, as measured at the mirror during different por-
tions of the slow-speed azimuth scan, is used to drive the angle of tilt from the yaw
axis.

It is now well ¢stablished that some disturbances (e.g., lunar mountains, earth
glow, solar radiation) exist on the moon's inirarcd horizon. The AT1, secanning sys-
tem averages the horizon angles over u comblete 160-degree scctor rather than rely-
ing on data from three or four fixed points; henee, it is far less susceptible to such
disturbances than a fixed-point system would be.  In addition, the field of view of the
infrared telescope never moves more than 2 degrees away (rom the horizon: there-
fore, infrared gradients within the moon hevond 2 degrees from the horizon can have
no effect on the system. A third advantage of such a scanning method is that null
accuracy is not affected by electronic or mechanical drifis, hecause, at null, the
angle of the line-of-sight to the horizon (measured at the mirror) is constant through-
out the azimuth scan.  The piteh and roll outputs are derived from the time variations
in thi= angle through a-c¢ amplifiers. At null, therc are no time variations in the
angie, thus, the signal-processing amplificrs have zero output, The null accuracy
therefore, is limited only by mechanical tolerances (which can be held to seconds of
arc) and the propertics of the moon's horizon itself, The averaging effect of the 160~
degree scan minimizes even the effect of horizon anomalics,
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In normal operation, the mavror ditiers thie line of gight aceross the horizon with
o penb disy b of 2,0 deovecs The gepvo acetion nositions the nurror sueh that
the duty oyvele of the dithe, (o, the rmtio of the time the detector sees to the total

dither periody i= very neardy 507, Thus, the coverape mivror position is close te the
horizon,

A seerch phase ot the servo, used tor initial aequisition, causes the line-ot - sight
te sweep repetitively over a 70-degree ravge until an infraved gradient is vecognizeid.
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countered during the Jdownmward sweep (1o, the horizaon),

Error-sienaling-processing circuits comparve the Po<itor-position signals at
different phases of the azimuth dreive and derive piteh and roil outputs.

In preliminary discus=ions with the represontatives of ATL, the following in-
rormation was hrought out:

1. A maodilied versiton of the Gemini censor would be applicable,  (Development
ot thc Gemini sensor is in line with the present 8-month schedule),

2. Accuracics of 17 or better in two axes are obtainable,
3. The sensor is lincar over a range of +7°,

4. The weight o a single=-nead unit plas eloetronic pockaving will be approxi-
Q & I f 2 P
mately 7 pounds.

D, The =ignal-io neise vatie is 9 to 1 at o temperatare of 120K,

. The ficu! o view in the aequisition mode has an elevation of 70°, and an
azimuth of 1407,

. The sensor's operational tHie ina vacuum is 26, 000 hours,

. Preliminary analyvsis indicates that eftects resulting trom horizon or surface
irregularities are nominal, (The cffects of crossing the lunar terminator
must be studied, )

9,  The pessibility of lunar terminator lock-on must be stadied,

10, A preluminary cost schodule includes:

Develonpment 3351, 000,
Prototype 178,000,
Ground equipment dev, a8, 000,
Groand cquipment prod, G, 000,
Flicht models S0, GO6. cach
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3. SUMMARY OF WEIGHT AND POWER REQUIREMENTS FOR ATTITUDE
CONTROL

Table I. 3, B-2 presents the weight and power requirements for the pure jet atti-
tude control subsystem. Because of the possibility of using either of two horizon sen-
sors, the table includes both possibilities. It is obvious that the back-up system
shows an immense improvement from bhoth standpoinis. It should also be pointed out
that sufficient A/C gas is included for a minimum of 40 days operation, based upon
the results of the computer program deseribed earlier in this section.

TABLE I. 3. B-2

WEIGHT AND POWER REQUIREMENTS FOR STABILIZATION
(PURE JET SYSTEM)

Component Weight (lbs) Power (watts)

Horizon Scanner 12* 12

('Lit-Side, Sensor)** (21/2) ( 3)

Team Damper 2

De-Spin Mechanism 3

Spin-up Rockets 2

Solar Aspect Sensor 0.5

Tank, gas, nozzles, regulator, etc. . 17.5

Control Electronics 5 1

3 MIG Gyros 3 9
Total 45  (35.3) 22 (13)

* Barnes Engineering conservative estimate

** Alternative to horizon scanner
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‘ C. TELECOMMUNICATIONS

The data acquired during the preliminary study (Phase T) of the Lunar Orbiter
Capsule were re-evaluated during Phase II of the Study Contract to determine the
requirements for the telecommunications subsystem. As a result of this work, the
subsystem envisioned should provide: (1) command and timing signals to the lunar
orbiting capsule after its separation from the Ranger bus; (2) tracking signals which
would permit the determination of the lunar-capsule orbital elements; and (3) telemetry
data which would be analyzed to evaluate all subsystem performance. This subsystem
should also be capable of transmitting television pictures of the lunar surface from
the capsule to the earth. :

The telecommunications subsystem (to perform the required functions) would
include circuits for communications, a tape recorder with capability for storing
data until it is later transmitted, a tracking transponder, circuits for command con-
trol and timing, circuits for telemetry data acquisition and transmittal, and antennas
for transmitting the data from the capsule to the earth. Tentatively, the TV trans-
mitter will be a low-power version of the one designed for RA 6-9; the tape recorder
will be a modified Nimbus AVCS: the transponder will be identical to the one used in
RA 6-9; the command and telemetry circuits will be the same as the RA 6-9, but
will require some new hardware; and two antennas (a dish and an "omni") will be
used. The circuits and hardware scheduled for use in the telecommunications sub~
system would require minimum development effort, and would provide maximum
compatibility with the Ranger facilities and program.

A brief description of each of the major subassemblies included in the telecom-
‘ munications subsystem is given here. More detailed descriptions of their components
and operation are presented later in this section.

(1) Video Transmitter - The recommended TV transmission subassembly uses
many of the components used in the RA 6-9 payload. A single 20-watt trans-
mission channel is used. Based on the assumption that the DSIF will contain
a frequency-modulation feedback democulator which is recommended, a worst-
case RF link analysis was performed, The data indicate that a 20-watt, 960-Mc .
transmitter operating with a 30-inch dish antenna will result in a 29~db peak-
to-peak RMS signal-to-noise ratio (in a 62, 5-kec baseband) with a margin of
7 db. This means that the RA 6-9 transmitter can be operated at 20-watts,
which will eliminate one intermediate power amplifier and reduce the input
power requirements. Furthermore, the RA 6-9 power amplifier will be
used in its present configuration (pressurized) until data indicate that the
pressurized vessel is unnecessary.

(2) Tape Recorder - The tape recorder scheduled for use in the LOC is a
modified Nimbus AVCS recorder which has a 62.5 ke bandwidth at a tape
speed of 30 inches per second. The video data are recorded by frequency-
modulating a subcarricr oscillator. Since the TV mapping of the lunar sur-
face will require both direct and remote operation, the tape recorder will
also store video data until it can later be transmitted back to earth. The
recorder has capacity for 8 minutes of recording in one direction, and this
time can be increased by using multiple tracks. The recorder is also
capable of start-stop operation,
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Tracking Transponder - A two-way doppler transponder will be installed on
the capsule. This will permit the DSIF to track the 1.OC by both doppler and
angle techniques. The transponder will also serve as the command receiver
and telemetry transmitter, The Ranger L-band, Mod. III transponder used
in the Ranger bus is the one recommended for the LOC. The high-power
(3-watt) power amplifier is necessary because of the wide-band attitude
control telemetry requirements. The transponder will operate in conjunction
with the omni-directional antenna.

Command Control - The command subassembly recommended for the LOC
is the one used in the RA 6-9 hus. Use of this command subassembly thus
makes the LOC compatible with the Ranger DSIF command procedures.

The command detector and decoder will be identical to those in Ranger, hut
the central computer and sequencer function will require a new design. The
detailed requirements of each of the subsystems requiring command are not
presently known; therefore, details can be determined later.

The central timing source for the 1.LOC will be a clock, and will be used by all
subassemblies and subsystems, This clock would be used in such functions
as remote picture taking.

Telemetry - The telemetry subassembly recommended for the LLOC is similar
to that used in the RA 6-9 bus, thus permitting the use of the present DSIF
data reduction methods and equipment., The number of telemetry channels
can be reduced to conserve weight and power, and would be advantagecous
because of the long mission time when compared to that of Ranger. Although
the detailed recquirements for telemetry data are not presently known, the
assumption has been made that all data rates, with the exception of the
attitude control sensors, will be very slow and slow commutating rates may,
therefore, be usced. Engineering telemetry for the TV system will be
multiplexed with the video information and this will be done in a manner
similar to that used on RA 6-9.

Antenna Design - For LLOC TV transmission, a 30-inch dish antenna with a
circularly polarized feed is recommended, The dish will be hinged in
elevation to permit steering of the horesight axis by command as the orbital
plane precesses. The antenna beamwidth will be 30 degrees at the half-

power points and will vield a maximum gain of 15 db.

The LOC will also have an omni-directional antenna consisting of an array
of eight half-wave slot radiators, cach of which is excited by a cavity, The
eight cavities are fed cqual in-phase signals using 7 power dividers, The
azimuth heamwidth of the omni antenna is 360 degrees and the elevation
beamwidth is 120 degrees. The antenna is linearly polarized and will
produce a gain of -3 dh.
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‘ 1. VIDEO TRANSMITTER

The basic LOC Video Transmitter will be similar to thepresent Ranger 6 through
9 transmitter (refer to RCA Specification RSP-1150). The differences occur
primarily as a result of the reduced power output requirement and the use of a single oA
transmitter channel. )

The following component blocks are deleted or modified from the present Ranger
6 through 9 video transmitter:

Deleted Modified
1. Intermediate power amplifier (IPA) 1. Change the transmitter modulator to
number 2. limit baseband input to 62.5 KC,
2. 4-port hybrid ring. 2. Reduce power amplifier output to 20
watts minimum (reduce plate voltage
3. Dummy load. from 1000 volis to 600 voits).
4, Directional coupler. 3. Redesign power supply to reduce power

consumption reflected by the above deletions
and changes.

The LOC video transmitter design will contain less parts, operate at reduced
voltage and power stresses and will, thercfore, have a greater chance of mission

‘ success,

The results of a comparative analysis of a straight frequency-modulation system
(FM) and a frequency-modulation feedback system (FMFB), are shown in Tables
I1.3.C-1 and 1.3, C-2. The development of a FMFB demodulator is recommended.

2, TAPE RECORDER

One mode of operation of the LOC television.system requires storage of the video
information prior to transmission to earth, A tape recorder design exists (the Nimbus
AVCS Tape Recorder) that will meet the requirements of LOC. The representative
specifications for this recorder are shown in Table I. 3 C-3, The design of the recorder
includes provisions for three (3) 62.5 KC video channels plus a 50 ke timing channel.
This design is for use in a frequency division multiplex system (FDM).

The LOC system requires a single video channel with direct frequency modulation
of the video transmitter by the video baseband. Therefore, the addition of a tape de-
modulator is required between the tape playback amplifiers and the transmitter
modulator and the block diagram is shown in Figure I, 3. C-1. The demodulator can
be added to the tape recorder by deleting the unused playback amplifiers. The basic
Nimbus tape recorder design is capable of start-stop operation, which adds to the
flexibility of system design. The recorder can be modified to record and playback an
increased video baseband of 120 KC, if this should be required. A tape speed change
from 30 inches per second to 60 inches per second and doubling the tape M modulator
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TABLE 1.3.C-1
ANALYSIS DATA OF A STRAIGHT FREQUENCY-MODULATION
SYSTEM OPERATED AT fb =62.5 ke
No Parameter Value Tolerance Notes
. i b - , +1dbw 25 watt Resdel P, A,
1 Total Transmitter Power 13dbw —odbw run at 20 watts min.
2 5/C Circuit Loss 0. 7db +,3db Estimate-no diplexing to
antenna-short cable
3 $/C Antenna Gain 15db foggb 30" Antenna for 30° BW
+.3db
4 S/C Antenna Pointing Loss 3db —é(fb 30° BW Fixed Antenna
5 Space Loss 204, 2db +1,2, -0, 0db Cale: 252,000 stat. Mi,
960Mc
6 Polarization L.oss 0. l4db +, 1db Same as RA-6-9
7 Ground Antenna Gain 45, 7db +, 8dh JPI. Memo 4/16/62
< . . - Horn Feed
8 Ground Circuit L.oss 0.45db +, 13db Diplexed Operation
sceive _ o ) +5, 83dbw per C, A, Helritz
9 Total Receiver Power 134, 79dbw -1 63dbw ) Paramp 130-150°K
0 Moon 30°K
10 System Noise Temperature 258, 5°K _18.7°K Diplexer . 25 +.03db
e Antenna 33 = 25°K
b, RX Line .2+,1
i .. b (Lo o - . +Odbw
11 Receiver Noise Density (KT) 204, Hdbw —. 9dbw
o e ] . FM m=1,12
12 Noise BW 265KC 1, 5KC £ = 62 5KC
b
13 Noise Power ~-150. 3dbw +?' ".?(zlhw
—-1,4UDW
; . I +7.23db
14 C/N Ratio 15.51db 2. 13db
15 Threshold 12db
16 Perfor:mance Margin (worst case) 1.38db
, . m=1,12
17 Modulation Gain 9db NIF = 3 m2(m +1)
18 S/NRatio (at threshold) 21db
19 S /N (at threshold) 30db
pp rms
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SYSTEM OPERATED AT fh =62.5 ke

TABLE 1.3.C-2
ANALYSIS DATA OF A FREQUENCY-MODULATION FEEDBACK

No., Parameter Value Tolerance Notes
1 Total Trangmitter Power 13dbw +1,-0 25 watt Resdel P_A,
run at 20 watts min.
2 S/C Circuit Loss 0.7db %0, 3db Estimate-no diplexing
to antenna-short cable
S/C Antenna Gain 15db +0. 5, -0db 30" Antenna for 30*°BW
S/C Antenna Pointing Loss 3db 30° BW Fixed Antenna
5 Space Loss 24. 2db Calc: 252,000 stat. Mi,
960MC
6 Polarization Loss 0.14db Same as RA-6-9
7 Ground Antenna Gain 45.7db JPL Memo 4/16/62
Horn Feed
8 Ground Circuit L.oss 0.45db Diplexed Operation
per C.A. Helritz
9 Total Receiver Power -134. 79dbw +§' gggg: Paramp 130-150°K
i Moon 30°K
. .o orr +0 Diplexer .25 + ,03 db
10 System Noise Temperaturc 258, 5°K -48. 7°K Antenna 33 # 25°K
. \ RX Line ,2+.,1
. . . +0
11 Receiver Noise Density -204,5 dbw -0, 9dbw
, . X FM m=1.12
12 Noise BW 365 Kc +, 5db fb = 62.5 KC
+.5
13 Noise Power -148.9dbw -1, (;g:)vw
. +7.23db
14 C/N Ratio 14.11db -2, 13db
15 Threshold 4.9db
16 Performance Margin (worst case) 7.08db
17 Modulation Gain 15.1db m=1,92 NIF = 3m2(m+1)
18 SNR (at threshold) 20 db
19 SPP/Nrms (at threshold) 29db
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’ TABLE 1.3, C-3

REPRESENTATIVE SPECIFICATIONS TOR THE NIMBUS AVCS TAPE RECORDER

rTape, one mil mylar hase 1/2 inch wide
|

| Length of tape 1200 feet

i Tape speed 30 inches/sec,

Records 1n one direction for 8 minutes

Plays back in opposite direction for 8 minutes

Starting time l.ess than 1 second
. Stopping time l.ess than 2 seconds
| (dynamic brake used) 2
Voitage input -24.5 volts DC |
. Power input (initial surge for one seccnd) 15 watts
| P.ower input (steady state) 10 watts :
i Channels 4 total f
| Video 3 (72 ke to 120 ke ;
-6.5 VDC into -11.5 VDC) !
, Timing 1 (50 ke 507 AM) i
‘  Erase NC Permanent Magnet i

Enclosure Size

8 inches high

Weight 17 pounds

Angular momentum compensated to +0.02 1b, -in. -sec

Impedances: Power Converter Input 2,000 ohms
Modulator Input 40,000 ohms
Timing Input 620 ohms
All Channel Outputs 1,500 ohms

Output 1 evels - All channels unloaded 6 Volts (p-p)

Wow and flutter - Measured values N12 Recorder 3-19-62

Frequency (cps) Wow & Flutter % rms
0.5 to 30 0.015
30 to 300 0,04
300 to 5000 0.085
DC to 5000 0.11

__The above do not represent spec limits, but are typical values,
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Figure 1. 3. C-1 Block Diagram of the Video Transmission Subassembly

output would be required to accommodate the increased video bandwidth.
changes would have to be made to the playback amplifiers.

3. TRACKING TRANSPONDER

Suitable

The tracking trunsponder serves several purposes for the LOC; it provides a
coherent tracking signal for use by the deep space instrumentation facility (DSIF)
in doppler determination and angle tracking of the capsule, and the transponder

also serves as the command receiver and telemetry transmitter,
of the transponder is shown in Figure 1,3.C-2.

- A

use a single "omn

A block diagram
The transponder configuration will
i"" antenna, diplexed, for use by the receiver and transmitter. A

O!RECTIONAL

< S - 7

single transmitter power amplifier will be used rather than the Ranger bus configuration.

OMNIDIRECTIONAL

‘7 ANTENNA

DIPLEXER
- AND
ANTENNA

COUPLER

TRANSPONDER

(TRANSMITTER
AND RECEIVER)

DC
ouUTPU

—

DC INPUT
—

POWER
SUPPLY

Figure 1,3, C-2.
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The command subsystem for the LOC will be similar to that used in the Ranger
G through 9 bus, thus making the T.OC compatible with the present DSIF command
procedures. There are two basic time limitations on the command system:

1. The acquisition time required for the command detector may be 8-1/2
minutes after the command subcarriers are applied (plus about 3 minutes
for R acquisition),

2]

2. The maximum commund rate is one command every 57 seconds.

These limitations would require turning the transponder on for about 12-1/2 minutes
The command word structure for the
L.OC will be the same as that for the Ranger RA-6 through RA-9 spacecraft (i.e., 1

if commands are required during the orbit.

-

framing bit, 5

circuitry as much as possible,

Figure 1. 3.

address bits, and 12 data bits) to muke use of the existing Ranger

C-3 is a block diagram of the RA-6 Command Detector, Command

Decoder, and Central Computer and Scquencer (CC&S). A comprehensive block

diagram and functional description of the Command Detector and Command Decoder

may be found in Spec. No, RL-4-322, dated 15 March 1962,

CC&S may be found in Spec. No., RL-4-410A dated 5 April 1962,

¥
SURCARRIFR
FROM 4

TRANSPONDER )
AGC |
—

b

Figure 1,3.C-3

The Command Detector accepts the conumand sub-carrier from the receiver, and

extracts the digital "1" - The AGC level is also monitored

]

COMMAND WORD

COMMAND

BiT SYyNCH

DETECTOR

INHIBIT DUMP

"o information from it.

- ALERT PULSE
{ RELAY)
5TORED COMMAND
SYRCH

COMMAND

Information on the

DETECTOR
STORED COMMAND,
(RELAY)

7REAL TiIME
COMMANDS

(RELAYS)

CENTRAL
COMPUTER 8
SEGUENCER

OCUTPUTS TO
OTHER SUBSYSTEMS

Block Diagram of the Ranger 6 through 9 Command Subassembly

(a drop in AGC helow a preset threshold indicates unaceceptable signal to noise ratio

of the subcarrier, and an inhibit-dump signal is gencervated),

After the framing bit

opens the proper gates, the digital information is fed from the Detector to the Command
Decoder, along with an internally generated 1 pps bit ~syno signal devived from the

CC&S 25 pps clock. One command word mayv be received every 56

seconds

. this
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apparently allows the same 18 bit word to be sent twice in the event of an error or

poor signal to noise ratio. Because the Command Detector operates on data in a

serial fashion, it poscs no inherent restraints on cither the length of a command

word or its structure. The 56-second reset timing operation may easily be extended

or shortcned by the addition or subtraction of a flip-flop. The command word is

entered, in serial fashion, into the Command Decoder's 17 bit shift register, The '
framing bit is discarded. The address portion of the cormmuand word is decoded, and

if a "real time" command is indicated a relay is actuated. If a "stored" command is
indicated, the contents of the shift register are serially shifted to the CC&S,

Using the present command word configuration of 5 bits for addressing, there
are 32 possible addresses, At present, T addresses are used for real-time commands
and 6 addresses are used for stored commands, I more than 7 real-time commands
are required, additional relays would have to be added and possibly some addition to
the address decode matrix would be needed. For more than 6 stored commands
change to the address decode matrix is all that would be required. However, either
one of these two increases would probably necessitate changes in the CC&S,

The Ranger CC&S appears to be a highlv speci:ilized subsystem, performing
rather specific computations and timing functions during prelaunch, launch, flight
and pre-impact operations. It is doubtful that this unit can be used in the 1.OC,
although some of its design techniques may prove useful.

A determination of the configuration of the 1.OC CC& = subsystem would require
information from all other LLOC subsystems regarding clock pulses, input sequence
signals, computations, sweep signals ete. Furthermore, an evaluation must be
made to determine whether these signals could best be generated in the CC and S
or in the particular subsvstem,

5. TELEMETRY

A comparison of a 3 watt and a one-fourth watt teleimetry transponder svstem
showaed that the one-fourth watt transponder is inadequate to transmit the required
anmount and types of data involved., The major restriction is caused by the necessity
for sendi : )
design for a guarter-watt telemetry system, it is felt, would have insufficient margin
for reliable operation, and could jeopardize the success of the mission.

oy ryvaa - - 1L v - ~ : ‘. . . oy B . .
ng unprocessed hovizon sensor data ac well as commutated duta,  Any

a, High Power Telemetry (3 watts)

The encoder subsystem for a 3 watt telemetry link would have 5 subcarricr
channels. A block diagram is shown in Figure I, 5. C-4. Channe! #1 at 400 cps would
be used as 4 synchronizing channel for the commutators which would be slaved to it.
This channcl would provide information for decommutation of telemetry information,
The synchrenizing signal is {iltered by @ bandpass filter before being mixed with the
other subcarriers, Channel #2 at 560 cps will car vy unseparated PAM datu that is
rate Imited., There will be 30 channels sampled at a rate of 1 chennel per second,
This commutator would carry stabilizativn data and power supply and transponder
data, Channel #3 at 730 ¢ps will be time shared between the horizon sensors and a
30 channel, PAM (unscparated), rate-limited commutator nsed to carry TV telemetry

1,3-42



KR 0.0 0 /7
iihfl.

- N |
BAND
400
. +QL__—_J PALS e
(SYNC) LA FILTER

SR |

[

30 CHANNEL RATE veo
COMMUTATOR LMt 560 AU
I SPS

U ——

LCw
PASS
FILTER l —_—

HCRIZON SENSGR UATA

- vCOo ! )
o 730 ~u AMPLIFIER |

30 CHANNEL RATE I
COMMUTATOR LIMIT ‘
1 SPS
SUN SEN3OR DATA i
D S — |
~~— ] V<o |
; 60 ru
—— EVENT ? 9
5 ENCODER -
COMMAND 25 SPS v<o
VERIFY 2300 ~v

Figure I.3.C-4 Block Diagram of Encoder Subassembly for a 3-Watt Telemetry
Link with Five Subcarrier Channels

data. The horizon sensor data will be limited by a 10 cyele low-pass filter, The
input chosen will be done by command. Channel #4 at 960 cps will be time shared be-
tween the sun sensor digital data and an event encoder which will operate only during.
initial orbit injection and stabilization., Thereafter, the sun sensor data will be
permanently fed to the VOO, Channel #7 at 2.3 ke will be used for command verifi-
cation at a maximum bit rate of 2, 5 bps. All 5 chunnels will be mixed together
through an amplifier before application to the transponder.

The parameters for the various subearriers are given in Tables 1,3, C-4 and
-5, The values for noise, bandwidth, RF modulation index, and modulation loss
were determined using the criteria of JPL Technical Report No, 32-215, "The
Pioneer 1V Lunar Probe: A Minimum-Power FM/PM System Design", by Ben D,
Martin: and from JPIL Spec. No. RA345-4-311, "Functional Specification Ranger
RA-3, 4, and 5 Spacecraft Telecommunication System', 16 January 1962, Such a
system would weigh about 6 pounds and require about 5 watts of power for its oper-
ation, This system 1s the preferred system because it allows ample margin for
operation of all subcarriers and could be expanded by another subcarrier or two
without appreciably affecting the other subcarriers or the tracking capability of the
transponder,

1,343



REUKDER R, 2 vf 9

TABLEL3.C-4
ENCODER PARAMETERS FOR 3-WATT TELEMETRY SUBCARRIERS

. R.F. | Threshold
Subcarrier | Freq, Inform., Af R.F. Mod. Noxse Mod, SNR In .
A . Index Bandwidth \ Margin
No. (cps) Rate (Cycles) (radians) (2B, cycles) Loss 2 By
1o (db) {(db) (db)
1 400 0.3 cps - .24 2 20.6 9 8.0
2 560 1 SPS 50 .68 50 11.0 5.6 7.0
3 730 1 SPS or 50 1.02 *100 6.9 5.6 8.1
10 cps
4 960 1 SPS or 20 .68 42 11.0 5.6 7.8
1 bps
7 2200 2.5 bps 4 .52 16.7 13.5 5.6 9.3
Pcarrier = 5,3 db modulation loss

* Denotes pre-detection noise bandwidth

TABLE 1.3. C-5

ENCODER PARAMETERS FOR 1/4 WATT TELEMETRY SUBCARRIERS

R.F. Mod. Noise R. F. Mod.
Subcarrier { Freq. | Inform., | Af Index Bandwidth Loss Threshold | Margin
No. (Cycles)] Rate (Cycles: | (radians) (cycles) (db) (db) (db)
2 560 1SPS or 50 1,65 84 -4.2 +5.6 6
10 N
3 130 1 SPSor i0 o 1.42 25 -7.2 +5.6 6
1 bps
i 2.3kec | 2.5bps 4 1.27 16.7 -9 5.6 6

P . = -10db modulation loss
carrier '
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TABLE 1.3.C-6
PARAMETERS FOR THE PROPOSED TELEMETRY SUBASSEMBLY

No. Parameter r Value 1 Tolerance ]
1 Total Tr:msmi-t_t_crr Powe_r 3 watts | 34,8 dbm +0.8, -0.0 db
2 Transmitting Civcuit Loss -2.0 db +0.5, -0.0 db
3 Transmitting Antenna Gain (@) -3.0 db +3.0, -1.0 db
4 Transmitting Antenna Pointing
T.oss (included in
3) _
5 Space Loss &) ~204.2 db +1.2, -0.0 db
=960 MC, R = 405000 KM
6 Polarization Loss @ -3.0 db
7 Receiving Antenna Gain 45.7 db +0.8, ~-0.8 db
R Receiving Antenna Pointing
Loss (d) ‘ -2,0 db +2,0, -1.0 db
9 Receiving Circuit Loss -0.5db +0.1, -0.1 db
10 Net Circuit Loss -179.0 db +7.6, -3.7 db
11 Total Rececived Power -134.2 dbm +8.4, -3.7 dh
12 Receiver Noise Spectral
Density (N/B) -174.8 dbm/ |+0.4, -0.0 db
cps
T System (°K) = 240, +0, -20
13 Carricer Modulation Loss -5.3 db +1.0, -1.0 db
14 Received Carrier Power -139.5 dbm +9.4, -4,7 db
15 Carrier APC Noisc BW 13.0 db/cps +.8, -1.0 db
(ZULO =20+ 4 ¢ps)
CARRIER PERFORMANCE - TRACKING (one-way)
16 Threshold SNR in ZBI,O 0.0 db
17 Threshold Carricr Power -161.8 dbm +1.2, -1.0 db
18 Performance Margin 21.3 db +10.6, -5.7 db
CARRIER PERFORMARCE - TRACKING (two ".Xa_i
19 Threshold SNR is ZBI,() (©) 1.0 db
20 Threshold Carrier Power -160,.8 dbm +1.2, -1.0 db
21 Performance Margin 20.3 db +10.6, -5.7 db
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TABLE 1.3 C-6 (Continued)
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10
11

13
14

-
o

st
N

18

19

21

)
“

23
24

Parameter

Data Channel #1, 400 cps
Modulation Loss

Received Data Subcarrier Power
Data APC Noise BW (2B10 =2)
Threshold SNR in ZBlo
Threshold Subcarrier Power

Performance Margin

M M S50
Channc! #2, 560 ¢cps

Modulation Loss

Received Data Subcarrier Power
Data APC Noisc BW (2B10 =50)
Threshold SNR in 2B10
Threshold Subcarrier Power

Performance Margin
Data Channel #3, 730 cps

Modulation Loss
Received Data Subcarrier Power
Data APC Noise BW (2B10 =100)

Threshold Subcarrier Power

Performance Margin
Data Channel #4, 960 cps

Modulation Loss.

Received Data Subcarrier Powcr
Data APC Noise BW (2B10 = 42)
Threshold SNR in 2B10
Threshold Subcarrier Power

Performancc Margin

ORI Mg o o

PARAMETERS FOR THE PROPOSED TELEMETRY SUBASSEMBLY

_\;alue
-20.6 db
~-154. 8 dbm
3.0 db
9.0 db
~162. 8 dbm
8.0 db

-11.0 db
-145.2 dbm
17.0 db
5.6 db
;152.2 dbm
7.0 db

-6.9 db
-141.1 dbm

-149.2 dbm
8.1 db

-11.0 dh
-145.2 dbm
16.2 db
5.6 db
-153.0 dbm
7.8 db

Tolerance

42.0, -2.0 db

+10.4, -5.7 db
+1.0, -0.8 db
+1.4, -0.8 db

+11.4, -6.5 db

+1.0, -1.0 db
+9.4, -4.7 db
+0.5, -0.5 db

+0.9, -0.5 db
+10.3, -5.2 db

+1.0, -1.0 db
+9.4, -4.7 dh
+0.5, -0.5 db

+0.9, -0.0 db

+10.3, -5.2 db

+1.0, -1.0 db
+9.4, -4.7 db
+0.5, -0.5 db

+0.9, -0.5 db
+10.3, -5.2 db
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-13.5 db

Received Data Subearrier Power ! -1.17.7 dbm

L=L6.T)

12,2 db

.6 b

Threshold Subcarrier Power i =157, 0 dbm

9.5 db
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Tolerance
+1.5, -1.5dh
+9.9, -5.1 db

+0, 5, -0.5 db

+, 9, -0.5 db
+10.8, -5.6 db

|
i
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The transmitting antenna is expected to have a gain no worse than
this from + 60 degrees of heam center und all around in azimuth.

Value given is for maximum lunar distunce.

Tentatively the polarization for the transmitting antenna is lincar.

There is some possibility of providing circular polarization,

This assumes no active tracking of the satellite and that the ground
antenna is pointed at the moon's conter.

ce L
PoNog Paraneter
" f Data Channel #7, 2.5 keps
Sl . Modulation T.oss
BER
s
'3 | Dalu APC Noise BW (2D
f
Lo I Threshold SNR in 2 B
BT
o
Lo - Performance Margin
o
| i Data Channel
S :
Comments:
(a)
(b)
(©)
(d)
pointing error of + 0. 2 degrees,
(e) Transponder SNR +7 db.

The margin allows for a
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6. ANTENNA DESIGN

Two antennas are required for the LOC; a high-gain directional antenna used for
video transmission and a low-gain omni-directional antenna used for receiving and

transmitting from the transpondcr.

The use of the L-band frequencies is considered
for early orbiters, but later orbiters would require the use of the S-band because of
DSIF frequency assignments.

The requirements and constraints for antenna design are as follows:

(a) Directional antennas must have a half-power beamwidth of 30°,

(b) Omni-directional antennas must have 2 half-power beamwidth sufficiently
wide in any longitudinal plane of the LOC to insurc a minimum gain of
-3 db over a look-angle range of +60° relative to the 1.OC transverse plane,

{c} Circularly nolarized antennas are d

loss which would be inherent wi

egirable to obviate a 3-dh polarization

antenna feeds will be circularly polarized.

(d)  Antennas may be located on the fore-end of the LOC with due consideration
given to stability and shroud clearance.

th lineraly polarized feeds. DSIF ground

The sides of the LOC may also

incorporate antennas if there are no excessive reductions in solar-cell area,
violations of the shroud envelope, or obstructions to the radiation pattern.

a. Directional Antennas

The directional antennas will be employed for RF transmission-only. The merits

of antenna designs other than parabolical reflectors were investigated and the dish
appears to be most attractive, especially when the physical dimensions of other types
are considered. The parameters of various selected antenna designs are listed in

Table I.3. C-7.

TABLEI.3. C-7
PARAMETERS OF VARIOUS SELECTED ANTENNA DESIGNS

Antenna Aperture Length Comments
(wavelengths) . (wavelengths)
Horn ~ 2 2,2 too bulky
Dish 2.44 .41 most attractive
Helix T -1 3.2 too long
Polyrod 0.5 4.0 too long
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I'he T-band wavelength is 12, 2 inches and the S-band is about 5.0 inches, A dish
at T.-band frequencies would be 20 inches in diameter and 5 inches deep. For L-band
frequencies, a directional dish ontenna is the best chdice. FFor S-hand, however, the
choice will not be as clear-cut.  Such items as feed design and materials would
influence the decision,

A maximum declination of -30° will be incurred by the directional antenna, (me
antenna problem of major concern is the reflection of energy from LOC surfaces.
These reflections will severely perturb the radiation pattern unless reflections are
minimized by displacing the antenna from the LOC, Antenna height, therefore, is vital
to the achievement of a "clean' 30° beam. Minimum height can only be verified
through a model test program which is heyond the scope of the Phase 11 study., A valid
criterion, however, appears to be one utilizing optical-ray techniques which are
applicuble in the Fresnel or near-field zone of the antenna.  For the L-band dish at
-30°, the parallel ray reflected from the lowest tip of the reflector must not he
obstructed by any surface or structure of the LOC,

Five factors influence the {/d (foeal lenosth/diameter) ratio of the L-band dish:
(1) primary illumination controls characteristics of the secondary pattern by atfecting
the aperture amplitude and phase distributions. This control is more difficult for
smuall {7d ratios. (2) Too large a ratio increases the swept-volume and inertia of
the antenna. (3) Since the antenna feed will not be a true point source at the focus, it
produccs focal defeets, known as aberrations, which cause the rays to diverge from
the ideal parallel beam. This difficulty is minimized when the f/d ratio is about 0. 25,
The design range for the f/d ratio is usually taken from v, 25 to 0,50, (4) Beamwidth
of the primary illumination must be consistent with the angular aperture of the
reflector.  The t/d ratio must be chosen to provide optimum illumination of the reflec-
tor which is usually a 10 db taper in power. (5) The reflection of a center-fed dish
is dependent on the f/d ratio and on the diameter as follows:

SWR ~ d/N\ + 3 F/d

d/N\ - 3 F/d

2

Since the diameter is fixed by the desired 30° beamwidth, the best mateh will occur

at smaller f/d ratios, For d/\ = 2,44 (Beam = 30°, and f/d =.375,
SWR ~ 2.7

Vertex-plate matching techniques may be used to correet the impedance mismatch
duc to the reflector, The VSWR of the antenna is then essontially that of the feed.
The plate will increase side-lobe intensity but this is not serious since the specifica-
Lions on-the side lobes are not critical, '

The L-band directional antenna design is shown in Figure 1.3, C-5. A similar
S-band dish is not shown because further investigation en other antenna types is
necded, The center 6 inch-diameter of the L-band dish is solid because it is
illuminated with the hichest intensity and enhances surfuce strength, The remaining
reflector area mav have a porosity as high as 507 for weight reduction. Aluminum

I.3-49



LY ‘i . 1} / 4 4
Bhdwciin Bg. o2 v /7
. of . 08 inch thickness may be employed. The dish should have a rolled edge for
rigidity. Surface shape and dish support depend on radial or concentric ribs,
L~ BAND 0LISH FREGUENCY (1) -960 mc

\ WAVELENGTH {(A)-i2 2"
F.3 el
5’8 ' 09t A
DISK DIAMETER (D)~ 30"z 2 44X
GAIN:15 db

BEAM WIDTH: 30°
FOCAL POINT (F) - il 1/4"

—_——— 30 Ma

. ANGULAR APERTURE (y)- i35°
T DISK THICKNESS (t)- 080"
50LiD MATERIAL - ALUMINUM
WEIGHT T 4 LBS
NOTE. FOR S-BAND CONFIGURATION
\\/

My TIDL Y DIMEMNMCIONS SHOWN

}, N oy c

8Y O 42

- o

r‘~~~i~..——-4

/a4

Figure 1.3, C-5. Design of the 1.-Band Directional Antenna

‘ 1) Linearly polarized Feeds - In Phasc I of the study a dipole-reflector design was
mentioned as the rear feed for the directional antenna. Possible designs include
dipole-disk or double-dipole types. Figure 1.3. C-6 indicates typical dimensions for
a slot-ted dipole-disk feed and Figure I,3. C-7 for a double-dipole. The double-dipole
feed is preferable in terms of less weight and minimum aperture blockage.

The primary itlumination of the parabolic reflectors may be controlled by adjust-
ment of the scveral parameters, (1) The transmission line cun be 7/8 inch rigiid coax
which acts as the fced support as well, Aluminum mav be employed throughout.

The cable connection to this feed may be RF 8/U which has an attenuation of
.08 db/ft at L-band and . 14 db/ft at S-band: the weight per foot is . 105 1bs, This
cable will not be subject to excessive flexture or wear because the antenna ¢xeursions
will be slow.

(L ¢

S. Silver, "Microwave Antenna Theorv and Design,' Vol, 12, Rad. Luab,
Series, McGraw Hill, P, 254

L. 3-30



iw

v

7/8" 0D 20AX

ol { S

-/

050\ — .
; SLOT LENGTH

(o) DIPOLE -0'SK, LINEARLY POLARIZED

\

Figure 1.3.C-6. Directional Antenna Feed, Dipole Disk, Linearly Polarized .
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7___~__ A
049\ ) —%71  055A

CHOKE

i S

(b ) DOUBLE-DIPOLE

Figure [. 3. C-7 Directional Antenna Feced, Double-Dipole, linearly Polarized

2)  Circulurly-Polarived Feeds - To obviate a ? db polarization loss in the rf link,

a circularly polarized feed must be used. Two possibilities are a helical feed, and

a crossed-dipole feed. The helical feed would have about four turns to provide the
primary illuminution necessary for a dish. It is the simplest way to achieve circularity;
however, use of a helix is nt ju-tified because the length of the helix required would

be about 0. 83\, The focul Tength of the dish is 0,91\, The helix is poor feed

design because it is too long and would degrade the secondary pattern both in direce-
tivity and side-lobe structure. Esscntially the helix cannot be used becausc the
required antenna beamwidth is wo large for that feed design.

Feed design employing crossed-dipoles should be investigated. This unit would
consist of a turnstile radiator over a ground plane at the parabola focus.
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b. Omni-Directional Antenna

1) Linearly Polarized Feeds - The technique for achieving a linearly polarized
L-band omnidirectional pattern is essentially unchanged from that proposed in the
Phase I study. An array of eight circumferential slot radiators is used to derive

the required 120° X 360° pattern. Figure I.3.C-8 shows in detail the dimensions

of the cavity which will excite the flush-mounted slots.

\\O S~ /

T- BAR — £ <

RF CONNECTOR SHORTING PLATE

TRANSITION
\_/ v
N\, b
f\_\ ll . |d‘*/L oAzén
CAPACITIVE —ft— ¥
IRIS
3 I
|~ T o — "—T
/ g 0.20A '
RADOME /a
0.65A
A

DIMENSIONS WITH «gQ

FREQUENCY 890 mc RECEIVE A 7"
960 mc TRANSMIT ”

8 25

MATERIAL. ALUMINUM “
c 2.5

RADOME . SILICON /FIBERGLASS )
DEMENSIONS a,b,c,d, e ARE

ADJUSTED FOR BEST
MATCH

Figure L. 3 C-8. L-Band Cavity Backed Slot, Linearly Polarized

The electric field along the cavity-backed slot is not necessarily sinusc
related to a complementary wire antenna. (1) One way to treat the unit is a:
resonator which is energized by some transducer and free to radiate out of
The field across the slot is dependent on the excitation of TE and TM cavity
To insure that the energy stored in the cavity is primarily in the TEgp; mode
dimensions are sufficiently large so that this principal mode is above cutoff.
important design parameter is the antenna Q(2) the ratio of the TEj; mode
energy per cycle of the radiated power. The Q will be minimum when the st«
energy is in the TEgy mode. The Q will limit the inverse VSWR bandwidth p

(1)

S. Silver, "Microwave Antenna Theory and Design," Vol. 12, Rad. Lab.
Series, McGraw Hill, P, 254

D3 .
&) H. Jasik, "Antenna Engineering Handbook", Pages 8 - 12.
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which, for a small cavity is Q = “—5 -—<— where V is volume in cubic wave-

lengths, Figure 1, 3, C-9 shows the equivalent circuit of the cavity., The shunt con-
ductance is the radiation conductance of the slot, The paralliel susceptance is a sum
of the shunt susceptance of the slot and the TE mode susceptance of the cavity, The
series-resonant circuit is the result of the energy stored in the TM modes in the
cavity and feed structure. Proper feed and cavity design can climinate the series
reactance and under this condition the above expression for Q is valid, For the
cavity of Figure 1.3.C-7

‘ 3
Q =25 5 A = (ao) 2.9
ar® N (0.65) () (b2)  am”

Time did not permit the calculation of the radiation pattern for the cight slot array.

2)  Circularly Polarized Feeds - There were several techniques considered for
achieving a circularly polarized radiation from a cavity and these are shown in
Figure 1.3. C-10. Most techniques essentially introduce a 90° phase shift between
two equal and orthogonal field components to effect circular rotation of their result-
ant field. Figure 1. 3.C-10a shows a square cavity which is fed by two orthogonal
exciters where the necessary phasing is performed by coax line length. In Figure
I. 3. C-10h, the cavity is rectangular and excited by a probe inclined at 45°. FEach
orthogonal component of the excited field has a different velocity of propagation due
to the different spacing of parallel walls. If the cavity length is chosen judiciously, a
90° phase shift between orthogonal fields will be obtained at the radiating aperture,
An alternate approach employing a square cavity would be to obtuain the necessary
phase shift with a dielectric quarter-wave plate, The rectangular cavity approach
appears to be the technique used in TELSTAR antennas. Application of these tech-
niques to LOC design is precluded by the longitudinal bandwidth requirement. Half-
power beamwidth is about 120°, however,

When circular polarization is desired, the aperture must be modified to a smatl
or unity aspect-ratio in order to support the necessary orthogonal modes, Conse-
quently, the broad pattern in the plane normal to a slot is sacrificed, There is,
however, onc dpploach (2) whxch should be investigated more thoroughly. Cn‘cular
;)Jlaruat1<)n is realized with a slot radiator by placing a tilted parasitic dipole
in the plane of the aperture andthe dimensions for this configuration are shown in
Figure 1.3.C-10c. Once disadvantage of this approach when compured to the linearly
polarized radiator is the increased cavity size and weight. An advantage of the linear
unit is that its dimensions mayv be reduced by diclectric loading of the cavity. Appro-
priate dielectrics for this space application should he studied.

(1)

3. Ragan "Microwave Transmission Circuits', Volume 9, Rad., Lab. P, 378

?

(2) E. Wilkinson, "Circularly-Polarized Slot Antenna, ' Microwave Journal,
March, 1961, P, 97,
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Figure 1.3.C-9. Equivalent Circuit of the Transponder Antenna
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Figure I.3.C-10. Techniques Considered For Achieving Circularly
Polarized Radiation From a Cavity
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The use of a two-turn helix within a flush-mounted circular cavity was investigated.
The beamwidth of such units varies from 80° to 100° at half power points and axial
ratios are usuaily no better than 3 or 4 db even on-axis. The principal disadvantage
is cavity size, however, which is about one foot in diamecter. -
3). Corporate Feed Structure - A corporate feed couples the eight cavities of the L-
band omni-antenna to the transponder. Equal-amplitude in-phase signals are fed to
each cavity by seven nower splitters. The variation of the corporate structure mis-
match with power splitter and antenna VSWR's is of vital concern. If the VSWR at
the corporate feed input is too high, the reflection loss will reduce system margin
by decreasing radiated power. A tahulation of the corporate feed VSWR is listed in
Table 1,3, C-8 and is based on the assumption that all cight cavities exhibit the same
mismatch and that the seven power splitters are identical.

TABLE 1.3.C-8
A TABULATION OF THE CORPORATE FEED VSWR

Ty = antenna cavity VSWR
o = power splitter VSWR
Oc =  corporate feed VSWR
o
c
%t f = f = for = 1,5
oro =1,0 or g, —.}2-_ Uy = 1,
1.1 1.18 1,28 1.55
1.2 1.37 1. 44 1,68
U I S S U, —

For simplifying the mathematics in computation, the following effects were
ignored: (1) power splitter insertion loss, (2) VSWR masking by line losses which

may be .08 db/ft, (3) re-reflection by one splitter of the reflected power from the
succeeding splitter.

The VSWR of each antenna should be no greater than 1.5, The power splitter
VSWR is about 1.1, The corporate feed VSWR should then be no greater than 1,55
which corresponds to a reduction in radiated power of 0.2 db. Six feet of coax cable
are required in the corporate feed so that about 0.5 db of line loss is present. The
power splitter insertion loss will be about 0.1 dh per split or 0.3 db from corporate

feed input to each cavity. Total losses due to line-attenuation, splitter insertion,
and reflection will be 1.0 db.
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b. Low Power Telemetry (1/4 watt)

The primary limiting factor in the low power system is the necessity of trans-
mitting horizon sensor pulses with rise times of about 40 milliseconds. Since the
pulses follow an approximate exponential rise, the maximum rate of frequency change
of the subcarrier is approximately given by:

2.2Af

tn
T

6:

where A f is the peak subcarrier frequency change and t, is the pulse rise time.
Solving for the change in terms of peak subcarrier frequency change yields:

6 = 55Af cps/sec.

The equivalent noise bandwidth (2 Blo) is given by:

- 0
2B,, = 6.66 \/553
or
2B, = 21.21/Af

The output signal to noise is proportional to A f 2 while the input carrier to noise is
proportional to 2 Bjo. Thus a compromise must be reached to give proper opera-
tion. Because the subcarrier would be used to send commutated data requiring a
high degree of accuracy (better than 5%), this must also be considered. To obtain
this degree of accuracy, a deviation of at least 50 cycles is needed. Therefore,

2 By, is equal to 193 cycles. For this case we can use predection filtering to deter-
mine the noise bandwidth. For IRIG Channel #2, the bandwidth is 84 cycles. Such

a bandwidth requires a modulation index of 1. 65 radians.if three subcarriers are
used, The parameters for the proposed system are listed in Table I, 3. C-6.

This system, because of the type and amount of data to be transmitted, must operate
in a marginal carrier-to-noise area. Because the modulation index is relatively
high for all the subcarriers, a small change in the subcarrier output levels will
cause a fairly large change in the received power, both for the carrier and individual
subcarriers. Considering the low margin in the entire system, the use of the 1/4
watt system is questionable.
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7. SUMMARY OF SIZE, WEIGHT AND POWER REQUIREMENTS

t

A summary of size, weight, and power requirements far the telecommunications
subsystem is presented in Table 1. 3. C-9,

TABLE 1.3.C-9

SUMMARY OF TELECOMMUNICATIONS SUBSYSTEM SIZE, WEIGHT
AND POWER REQUIREMENTS

— e -

- | Weight
Subsystem Size (lbs) Power
TV Transmission
Eower Amplifier 5" x 5" x 10" 3
T'ransmitter .
Power Supply 5" x 5" x 10" 4 140 watts @ -27V = 5%
Tape Recorder 14" diam, x 7" 17 10 watts @ -24-1/2V + 1/2V

400 cps * 1% square wave
20V P-P into 2K ohms

High gain antenna 30" dish 6 10 watts @ =27V + 107/
(intermittent)

Tracking Telemetry
and Control

Transponder 7" X 7" x 5" 11 +250V £ 3% 23 ma
+150V 3%@‘12 ma
7" x 7' x 5" 6.25 +15V £ 5%« 376 ma

-15V  + 5% 88 ma
+5.75V = 2,5% @'1.1 amp

Telemetry .

(commutator) 5" x 5" x O" 4 5 watts(@ +27V + 10%

(VCO) 4" x 4" x 5-1/2" 2

Command & Timing | 8" x 5" x 4" 3.25 -15V + 5% @ 200 ma
8" x 7" x 4" 3.00

-24-1/2V = 5% @100 ma
Omni Antenna , '
8 Cavities 2" x 3" x ™ (1.25 ea.)| None
10 lbs. total

I, 3-57



KE-JHOER N, 2- 9 7

D. VIDEO SUBSYSTEM
1. Subsystem Description

A block diagram of the video subsystem is shown in Figure 1.3.D-1. Two cam-
eras are provided, and each is associated with a Camera Electronics unit. The cam-
eras are exposed alternately at intervals of 6 seconds, so that the total elapsed time
between successive exposures of a given camera is 12 seconds. The video-signal
outputs of the cameras are added together in a combiner unit. The stored image is
read out from each camera altcrnately over a period of 6 seconds. One camera is
erased and prepared for its next exposure while the other is being read.

COMMANDS
(3)
s !
VIDEO
CAMERA | DEFILN CAMERA SYNCHRONIZING
t PWR ELECTRONICS GENERATOR
— e
TIMING
T
H ' 1 t
T i ) ?! 2! ‘l!-ol
b Fl o 8 IIE
o aj x! 5é—qu§
‘ 15 55+
f TELEMETRY )
[ _ SYNCB TIMING_|
CvioEo + | COMBINER L« COMPOSITE VIDEO
VIDEO 2 SIGNAL DISTN
77777 SYNC B TIMING | 8 POWER SUPPLY L« TELEMETRY (17}
f TELEMETRY
T T
s L4 I i
VIDEO
CAMERA [ "DEFLN CAMERA © s
2 PWR ELECTRONICS ; a
®TiMING | 2 >
o TIMING z 2
3 ~
COMMANDS 3 )
(3) o

Figure L3.D-1. Block Diagram of the Television Subsystem

The timing and synchronizing signals associated with camera operation are pro-
vided by a synchronizing generator. These signals are routed to the Combiner Signal
Distribution and Power Supply, where they are utilized as required by the combiner
section and distributed to the two cameras via the corresponding Camera Electronics
units.

The Camera Electronics unit supplies the necessary power, timing, and deflection
signals to its associated camera, accepting the basic timing pulses from the Synchro-
nizing Generator and providing the appropriate amplifying or wave-shaping. It also
has servo circuits to control the camera iris in response to commands from the com-
mand receiver, and to deliver telemetry signals to the signal distribution circuits.

Each camera contains a vidicon camera tube with its associated focus~-deflection

coil assembly and optical system, including the iris and iris drive mechanism and the
shutter.
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The following tabulation shows the major parameters of the video subsystem:

TABLE I. 3.D-1.

MAJOR PARAMETERS OF THE VIDEO SUBSYSTEM

Number of scanning lines

Frame time (V)

Vertical deflection frequency (read)
Vertical deflection frequency (erase)

Horizontal deflection frequency

1/6 cps.
7281-7/9 cps.
170 2/3 cps.

5.859 milliséconds

0. 293 milliseconds

Horizontal period (H)

Horizontal blanking, 0.05 H
Vertical blanking, 0.015 V ,
Baseband 62,5 ke .

90 milliseconds

Vertical resolution (nominal) 700 lines
Horizontal resolution 696 lines

Straight binary counters are used to obtain the deflection frequencies in order to
simplify the required counter chain. With the blanking percentages chosen and the
baseband available (62.5 kc), the frame time is calculated to be 6 seconds. A total of
1024 scanning lines requires a count of 210 between vertical and horizontal deflection
frequencies, leading to the value shown (170-2/3 cps) for the horizontal deflection
frequency.

The vertical deflection frequency is increased during the erase cycle until it is
higher by a factor of 42-2/3 than the horizontal deflection frequency, which remains
unaltered. This approach has proved to improve the erasure. The reason for adopt-
ing the numerical ratio of 42-2/3 is that it provides a triple interlace of the erasure
scanning and should effectively prevent the formation of erasure bars that result from
phase lock occurring between the horizontal and vertical frequencies, which can
happen if the erase vertical frequency is free-running. The ratio is easily realized in

- a frequency~dividing circuit having a division ratio of 3, as will be discussed later.

A block diagram of the generator counter circuit is shown in Figure I. 3. D-2.
The four basic output frequencies are as follows: '

fo - the basic frequency of 1/12 cps, used to time the expose and erase cycles
of each camera

fV - the vertical deflection frequency (1/6 cps), used during the read cycle
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Figure I.3.D=-2. Block Diagram of the Generator Cvount-er Circuits

fy - the horizontal deflection frequency, used during both read.and erase
cycles

fV' ~ the vertical frequency, used during the erase cycle.
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‘ These basic signals are processed in wave-shaping circuits to provide the re~-
quired pulses of these respective frequencies for use in the system. The following
pulse signals are derived from the above basic frequencies:

Horizontal Sync for Camera Electronics Unit No. 1

thid

Vertical Drive (read) for Camera Electronics Unit No. 1

Vertical Drive (erase) for Camera Electronics Unit No. 1

Horizontal Sync for Camera Electronics Unit No. 2

Vertical Drive (read) for Camera Electronics Unit No. 2 .

Vertical Drive (erase) for Camera Electronics Unit No. 2

Shutter Pulse for Camera No. 1

Erase Pulse for Camera No. 1

Camera Gate Pulse for Camera No. 1

Shutter Pulse for Camera No. 2

‘ Erase Pulse for Camera No. 2

Camera Gate Pulse for Camera No. 2

Clamp Pulse for Combiner Unit

Mixed Sync for Combiner Unit

Mixed blanking for Combiner Unit
The camera gate pulse is used to alternate between the vertical read and erase drive
signals for a given camera, thus placing it alternately in the read and erase modes.
The camera gate pulse for one camera is 180° out of phase with that for the other in
order to permit the desired staggered timing relationship between read and erase.
This is shown in the basic camera timing diagram, Figure I.3.D-3.

Various other signals are required, but these are formed in the appropriate unit
and timed by the above listed pulse signals. For example, the shutter is driven by a
shutter drive circuit which is contained in the Camera Electronics unit and driven by

the shutter pulse. The required signals for the cathode and G-1 grid of the vidicon
are also formed in the Camera Electronics unit.
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CAM 1
SIGNAL FEED BLANK
CAM 2 J’—\L__JI___‘]-——JJ_
Figure 1.3.D-3. Basic Camera Timing Diagrams
2. VIDEO SUBSYSTEM DESIGN

a. Camera

The camera block diagram is shown in Figure I1.3.D-4. The camera contains a
vidicon camera tube mounted in a focus-deflection yoke assembly. Associated with
the vidicon is an electromagnetic focal-plane shutter which is timed by means of the
shutter pulse to open just before the readout interval (see Figure 1.3.D-3). During
readout, an appropriate value of beam current is established by means of suitable
signal waveforms applied to the grid and cathode of the vidicon. The return beam is
cut off by blanking signals. During erase, a uniform illumination is applied to the
vidicon target for a period of about 200 milliseconds. This illumination dissipates
the charge left on the photoconductor by the preceding exposure. The beam current
is then increased, and the vertical deflection frequency is changed to the value of ap-
proximately 7000 cps used for erase, giving about 1000 frames of erase scan during
the 6-second erase interval.

Light input to the vidicon is regulated by an electronically controlled iris dia-
phragm. The iris is actuated by a motor, and its degree of opening is indicated by
the voltage at the arm of a potentiometer geared to the iris drive. This voltage is
compared to the voltage divider, and the motion operates to balance the resulting
Wheatstone bridge. Several pre-set voltage dividers are provided, each correspond-
ing to one of a set of desired apertures. The desired aperture is chosen by selecting
the appropriate voltage divider by ground command through the command receiver.
Redundant iris drive motors are provided to improve reliability. A video preamplifier
raises the level of the vidicon output, and provides a suitable drive for the video am~
plifier contained in the Camera Electronics unit.
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Figure I.3.D—-4. Block Diagram of the TV Camera

The temperature of the camera case is sensed and fed out as a telemetry

signal.

b. Camera Electronics Unit

The Camera Electronics unit accepts H Sync, V Sync, V' Sync, shutter pulse,
erase pulse, and camera gate pulse signals from the synchronizing generator. Using
these signals, it develops deflection-current waveforms for both horizontal and verti-
cal deflection, and it commutates the vertical deflection signals between that used for
read (1/6 cps) and that used for erase (7281-7/9 cps) by using the camera gating sig-
nal. The output circuits are timed from the shutter pulse driving the shutter, and it
furnishes output pulses to the erase lamp which are timed from the erase pulse.

The circuit for controlling the iris drive motor to balance the Wheatstone Bridge
is part of the Camera Electronics unit. It commands selection of the pre-set voltage
dividers to be used in effecting the balance. Power supplies for the camera tube and
focus~current and beam-current regulators are included. A video amplifier is pro-
vided to raise the signal level provided by the preamplifier in the camera in order to

drive the combiner amplifier.

There are seven command inputs, three for selection of the iris opening and four
to select alternatives between iris drive motors and clutches. The six telemetry out-
puts are video, focus current, camera temperature, Camera Electronics unit tem-

perature, vidicon high voltage, and iris opening.

¢. Combiner, Distribution, and Power Supply Unit

The bhasic function of this unit is to accept inputs from the two cameras and to

‘ gate them so that their frames occur in sequence. In addition, it inserts horizontal
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and vertical blanking while clamping each line at black level. A d-c-coupled clipper
provides a clean base line accurately related to-black. This clipping operation re-
moves any spurious signal occurring in the video by eliminating any part which extends
below black. Were this operation not performed, there could be interference with
picture sync at the receiver. Following this clipping operation, the signal passes
through an AGC amplifier which is intended to keep the signal level reasonably con-
stant to ensure a constant transmitter modulation, thus avoiding unnecessary addition
of noise in the transmission link. Finally, mixed synchronizing is added to the signal.
Simple rectangular pulses provide the horizontal sync; the vertical sync consists of a
serrated signal similar to that used in EIA sync, except that equalizing pulses and
doubie~frequency serrations are not needed since the system is not.interlaced. The
leading edges of the vertical pulse blocks are coherent with those of the horizontal
pulses to retain horizontal sync at the receiver during transmission of the vertical

sync.

This unit also distributes power to the Camera Electronics units and the Synchro-
nizing Generator and provides the main ON-OFF switch for the video subsystem. In
addition, itdistributes syncand timing signals to the Camera Electronics units and pro-
vides all telemetry outputs, some of which are generated within the unit. It has a
pair of + 6. 3-volt power supplies, which are mutually redundant. It accepts the fol-
lowing commands to select between these supplies.

' Power Supply A ON ‘
Power Supply A OFF

Power Supply B ON
Power Supply B OFF

Video Subsystem ON
Video Subsystem OFF

It provides the following telemetry outputs, which represent the complete telem-
etry information for the video subsystem: '

Vidicon Heater 1
Vidicon Heater 2

Horizontal Sync
Vertical Sync

Video

Vidicon Magnetic Focus

Camera Temperature

Camera Electronics Temperature
Vidicon High Voltage

Iris Opening :

Camera No. 1
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Video '
Vidicon Magnetic Focus

Camera Temperature

Camera Electronics Temperature
Vidicon High Voltage

Iris Opening

Camera No. 2

Composite Video Output

A block diagram of the combiner unit is shown in Figure 1.3.D-5. The outputs of
the cameras feed into gates which are controlled by camera gate signals. These serve
to gate in the video signal while their respectively associated cameras are reading and
to gate out the spurious signals generated during erase. The outputs of the gates are
added in a resistive adder circuit and are amplified and clamped. Mixed blanking is
then added, and the signal is clipped hefore the d-c component restored by the clamping
is lost. The signal now contains an accurate black reference; it is passed through an
AGC amplifier to cause its peak-to-pesak ampiitude to assume a chosen value. Mixed
sync is then added in a sync adding stage.

d. Problem Areas

(1) Erase - Adequate erasure within a 6-second period is necessary for satisfactory
subsystem performance. RCA experience indicates that an important feature in ob-
taining erasure involves making a large number of passes of the scanning beam over
the target during the erase cycle. Therefore, the system described, which has
proved satisfactory in another camera system, is provided.

(2) Smear -~ Smear results from the motion of the intersection of the optic axis at the
surface being imaged. The motion is caused by the velocity of the satellite in com-
bination with its attitude perturbations. Conservative design would indicate that the
motion should be small compared to the projection of a scanning line on the lunar sur-
face. However, this places a constraint on the exposure time, and the higher the
resolution the greater is the constraint. The shorter the exposure time, the greater
must be the image brightness for a given signal-to-noise ratio. Thus, a compromise
must be made in which the relative importance of these factors is considered.

CAMERA GATE
CAMERA | o AMPLIFIER
GATE - o8 BLANKING}--—e{ CLIPPER AGC
SIGNALS L ADDER
CAMERA 2 ~——] GATE 1
SYNC COMPOSITE v
ADOER [~ VIDEO
CLAMP
MIXED
BLKG
MIXED

SYNC

Figure I.3.D=-5. Block Diagram of the Combiner Unit
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3) Shutter Shock - The actuation of the electromagnetic shutter causes a mechanical -
shock to be applied to the camera housing as the shutter armature hits the mechanical
stop which limits its travel. This shock can cause microphonics to appear in the
video output; at least one source of these microphonics is the camera tube itself.

The technique of allowing the microphonic oscillations to damp out before starting
readout is effective, but it results in reducing the time available for erasure. It is
anticipated that some improvement of the present situation will be required.

4) Camera Optics - In support of the video subsystem study for the 1.LOC program,
applicable optical lens systems have been investigated. Some of the lens systems
considered which are currently available are listed in Table 1.3.D-2. The choice of
lenses was predicated on weight, size, availability, and optical requirements of scene
illuminance and image immobilization (exposure time). The equivalent focal lengths
establish the scale factor (ratio of focal length to altitude) required to satisfy the total
linear object field coverage, as well as the angular resolution requirements.

TARTET T 2 N9
i Liks Lede as—4.

4 XD

TV LENS CHARACTERISTICS

(I;:nFrrI:) f/No. Type (:)Y)ixr’i;lst) Diize (mrlile)ng‘th
50 1.4 Dioptric 0.6 46.6 65.5
75 1.4 Dioptric .2 60 112

100 2.0 Dioptric -1.5 70 140

150 1.5 Catadioptric .0 110 120

180 1.5 Catadioptric 4.0 120 145

400 1.5 Catoptric 12 268 320

430 1.5 Catoptric 13 282 . 345
50 0.75 Dioptric 3 85 78

100 0.75 Dioptric 5 180 170
150 0.75 Dioptric 5} 254 250
350 1.4 Catadioptric 12 280 533 ]

The dioptric lenses need no lens modifications, with the exception of the 100~
millimeter lens, but will require lens housing modifications to satisfy the environ-
mental qualifications, For the 100-millimeter lens, a lens design modification
would be required to obtain a relative aperture of 1, 5.
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For the intermediate range of focal lengths, a catadioptric lens system is recom~
mended, because a dioptric system having a relative aperture of 1.5 would weigh more.
The supporting lens housing is of the same material as the metal reflecting mirror.
Beryllium mirrors weigh 1/15 and aluminum 1/6 of a comparable-size quartz mirror.
Surfaces of metal mirrors are coated with an amorphous metal coating consisting of a
nickel, nickel-phosphor combination,

For the 400-mm to 430-mm focal length, a possible system is the Baker three-
reflecting-element catoptric anastigmat. The optical schematic of this lens system is
shown in Figure 1.3.D-6. This system was suggested by the Perkin-Elmer Corpora-
tion. Itek, Incorporated suggested a Cassegrainian system having a quartz aspheric
corrector plate located at the center of curvature of the primary reflective lens. The
location of the secondary reflecting lens is such as to locate the vidicon behind the
primary lens. A field flattener would be located in front of the focal-plane shutter.
The Itek system is slightly longer than 430 mm, and the Perkin-Elmer system has an
over-all length approximately 0.75 of the focal length. The weights of hoth gystems
are approximately the same; 10 to 12 pounds.

(1

r— IMAGE PLANE
2‘ (3)

pe—— 62507 ——"

LENSES

t PARABOLIC (DIAMETER = 10.666 INCHES
2 SPHERGID

3 SPHERICAL

4 OPTICAL FLAY MIRROR

Figure I.3. D-6. Optical Schematic of a Catadioptric Anastigmat

| 3. SUMMARY OF WEIGHT AND POWER REQUIREMENTS

The estimates of weight and power requirements are based on recorded data from
the Nimbus TV systems, to which this system bears some similarity. Points of differ-
ence include the following:

(a) The Nimbus system includes no synchronizing generator, so some additional
weight must be allowed for this.
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(b) The Nimbus system employs three cameras; the proposed system has only
two. '

(c) The erasure required in the proposed system must take place within a single
frame time, whereas several frames are used in Nimbus.

The following tabulation shows the approximate sizes and weights of the units:

TABLE 1. 3. D=-3. .
ESTIMATED SIZE AND WEIGHT OF THE VIDEO SUBSYSTEM
Weight
Units D?rr‘i:;;?})}ls Weight | Number per
(1b) Required System
(Inches) b
(Ib)
Camera 8 x6-1/2x7* 7 2 14
Camera Electronics 6 x13x2 5. 11.4
Sync Generator 6 x13x 2 4.3 1 4.3
Combiner - Power
Supply 6 x13x2 5 1 5
Total Weight (not including lenses) 34.7
*Not including lenses. Main body roughly conical in shape, 6.5 inches diameter
x 7 inches high. The 8-inch dimension represents the 1.5-inch protrusion of
the shutter on one side. .

The total power drain is estimated to be in the order of 50 watts total.
4, GROUND STATION EQUIPMENT
a. Description of Ground Equipment

A block diagram of the ground-station system is shown in Figure I. 3. D-7.
Facilities are provided for both magnetic-tape storage of the pre~-detected video in-
formation furnished by the ground communications equipment and direct display of
the detected video on a high~quality kinescope, where the images are filmed by a 35-
mm camera. In addition, the magnetic tape can be played back through the system
at any time, in which case the detected video is also displayed on the kinescope and
the images in turn are filmed by the 35-mm camera.

=3
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Figure I.3.D-7. Block Diagram of the TV Recording and Display Equiplflent
The system contains the following major subsystems:

Ground Receiver and Demodulators (Figure 1. 3. D-8) ‘

Power Distribution Cabinet ( Figure I. 3. D-9)

Monitor and Control Cabinet ( Figure 1. 3. D-10)

Sync and Video Simulator ( Figure 1. 3. D-11)

Film Recorder (Figure I1.3.D-12)

Further details of each unit are given in the referenced figures.
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Figure 1.3.D-8. Block Diagram of Ground Receivers and Demodulators

Most of the a-c and d-c power for the system is supplied from the power distri-
bution cabinet. One notable exception is the kinescope high-voltage supply, which is
part of the film recorder equipment.

The processed video signal, horizontal and vertical sync, and control signals for
the film recorder and kinescope are provided by the monitor and control equipment.
This same equipment is utilized for processing the simulated video signal, the direct
video signal, or the magnetic-tape playback information.

The sync and video simulator unit is utilized to generate a composite simulated
video signal. This signal is utilized in testing and checking the television display
equipment. As a more complete test, the simulated video can be transferred to the
ground communications equipment, there to be passed through a simulated transmis-
sion link before being fed to the display equipment.
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Figure 1.3.D-10. Block Diagram of the Monitor and Control Cabinet
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Figure 1.3.D-11. Block Diagram of the Sync and Video Simulator

The film recorder cabinet contains the high-quality kinescope on whichthe slow-
scan TV imaging is performed. A 35-mm pulse-advanced camera is provided to ob-
tain a filmed record of the images displayed on the kinescope. In addition, a Polar-
oid camera is provided for quick-look pictures to determine the moment-to-moment
status of the kinescope display as desired by the operator.
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Figure I.3.D-12. Block Diagram of the Film Recorder

1) Tape Recorder Cabinet - The tape recorder cabinet contains a wide-band, con-
tinuous, linear, magnetic tape system to record and play back the pre-detected video
and telemetry signals received from the ground communications equipment. This
recorder should have a bandwidth of approximately 1 megacycle. Presently available
recorders having this bandwidth provide 2 minimum of 15 minutes recording time on
a standard 14-inch reel at a tape speed of 120 inches per second. Thus, one reel
would provide sufficient storage for the anticipated video output of the TV camera
subsystem for one complete orbit.
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Normally, the composite video signal from the ground communications equipment
would be processed directly and supplied to the video display equipment for concurrent
recording on the 35-mm film. Thus, the ground tape recorder would provide essential
storage facilities for the video information in case of a malfunction during the direct
display and film recording process. In addition, this magnetic tape record provides
archival storage of the TV subsystem data in a desirable form.

2) Monitor and Control Cabinet (Figure I.3.D-10) - The equipment contained in the
monitor and control cabinet consists of an oscilloscope monitor, sync separators, and
a control and function indicator panel. The oscilloscope monitor is provided so that
either real or simulated composite video may be monitored as desired. The sync
separator unit contains the equipment necessary to generate horizontal and vertical
sync pulses from the composite video provided by the communications ground equip-
ment. It is anticipated that each sync separator unit will consist of a local oscillator
which can be locked to the sync timing information contained in the composite video
signal. The horizontal and vertical free-running local-oscillator frequencies will be
nominally an integer multiple of the frequencies generated internally in the TV camera
system (170-2/3 cps and 1/6 cps for the horizontal and vertical rates, respectively.

The control panel contains switches which control the system power, tape recorder,
equipment functional mode, and the film recorder. The various functions will be in- -
dicated by lighted switches and indicators, making full use of color coding wherever
feasible.

In addition, the monitor and control cabinet will provide equipment to generate
. a film camera pull-down pulse from the vertical sync, and distribute video, sync,
blanking, and drive signals within the TV Recording and Display equipment, Gating
of video and pulse waveforms to the appropriate kinescope, monitor, and film camera
units will also be provided, as well as the drive circuits for the control-panel indica-
tors and film-camera data boards.

3) Sync and Video Simulator (Figure I.3.D-11) - This unit is provided to supply var- '
ious video signals for system checkout and calibration. The unit will contain the
equipment and control panel necessary to generate and select the following simulated
video signals:

(a) Horizontal Bars

(b) Vertical Bars

(¢) Grating Pattern (combination of 1 and 2)

(d) Gray Scale (halftones)

(e) Resolution Pattern (sine-wave bursts in vertical pattern)

(f) Composite Pattern (combination of 3, 4, and 5)
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Horizontal and vertical sync will be superimposed on all of these signals so that
each is a composite video signal. Much of the circuitry for this unit will consist of
standard digital circuits and building blocks in plug-in module form.

4) Film Recorder (Figure I.3.D-12) - The Film Recorder displays a full frame of
video on a high-resolution cathode-ray tube for photographically recording the TV in-
formation. The equipment consists of a kinescope unit, a film camera with data board,
and a Polaroid Land camera.

The kinescope unit utilizes a 5-inch CRT to display a full frame of video over the
usable diameter of the CRT face. This image is passed through suitable optics to a.
pulse-advanced 35-mm f{film camera, where it is recorded on a nominal 18-by-24-mm
format. The film is advanced a frame at a time during the vertical blanking time (90
milliseconds). The actual video pictures are recorded in an area 18-by-18-mm, the
remaining frame area being used to record a data board containing a real-time clock,
a frame counter, and a data slate board for hardwritten information.

In addition, a half-silvered mirror is utilized to reflect the kinescope image to
a Polaroid camera for random-access photos of the CRT display, which in turn are
processed for viewing in 10 seconds.

5) Video Sync Alternative - The sync separation scheme described above presupposes
that the sync information is contained in the composite video signal and that amplitude
stripping techniques can be used to remove the sync information. In other words, the
peak-to~peak composite signal is greater in amplitude than the peak-to-peak video
signal by the amount of sync amplitude. Thus it is apparent that, for a given FM trans~
mission bandwidth, the greater the sync amplitude in the composite signal, the smaller
the peak-to-peak video signal that can be transmitted. Thus, a greater peak-to-peak
video signal could be sent through a given FM transmission link if the sync informa-
tion were removed entirely or incorporated in the composite signal in other than an
additive amplitude way.

One scheme which would allow the elimination of sync information from the actual
video signal would be to transmit horizontal sync alone on a separate narrow-band
channel. Since this would result in no transmitted vertical sync information, the
ground-station recording film camera would require a continuous slow-motion drive,
rather than a pulse-advance film drive. The horizontal sync would be generated by
wave-shaping the ground-received signal and controlling the phase of the output sync.

This system would depend on the availability of an additional narrew-band channel.

Also, the total bandwidth for the video-plus=sync channels would have to be determined
before deciding if this approach would be feasible,
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‘ E. POWER SUPPLY
1. INTRODUCTION

Detailed analyses of the power requirements, power source and electric storage
design, and regulatory electronic circuitry were within the scope of the intended study.
Specifications for the power system required and a plan for power supply development
were not intended to be within the scope of the present report. A continuing evaluation
of new developments in industry, advancements in the state of the art, and in specific
system requirements, was intended to parallel all phases of the study.

Following is a brief description of tasks attempted and completed during the
course of the study, as well as some of the difficulties encountered.

At the beginning of the program, primary emphasis was placed on load analysis,
that is, voltage and power requirements of various vehicle loads, and the time se-
quence of load occurrence. Results are shown partly in Figure I,3. E-1 and partly
in various other sections of this report.
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Figure I.3. E-1. LOC Power Profile Less Continuous Load P, for
‘ the First 40 Days in Orbit
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Once the load analysis was considered completed, design of the power source was
initiated with the investigation of an appropriate solar-cell array. Working together
with the thermal and structures skill centers it became immediately apparent that the
greatest difficulty lay in obtaining sufficient vehicle area for solar-cell mounting; all
preliminary calculations revealed that, depending on mission profile assumed, the
projected vehicle area needed to support the required power profile would be
approximately 12 to 15 square feet—a requirement which would interfere severely
with the intended size and weight limitations. It has been suggested that the projected
area in question should be limited to 8 or 10 square feet, if possible.

These circumstances pointed towards a combined RTG-solar-cell source. With
this idea in mind, a study of the weight tradeoffs was begun. This study, in its entirety,
is included as a part of this report, Itis shown that, using some of the already
available vehicle skin area for solar-cell mounting, and combining the power thus
obtained with that from an RTG of appropriate size (exact size depending on the exact
array configuration allowed), an adequate source of power could be realized using
state—of-the-art techniques and available component parts.

To complete the study, some attention needs to be given to the electronics
requirements, although circuitry and packaging techniques of an adaptable nature have
already been developed by RCA for other space systems. The battery type required
remains to be pinned down, although a thorough study of battery requirements has
already been made and is included below. From the systems viewpoint, the exact
conditions of RTG and solar-cell array load-sharing must be analyzed; no great
‘ difficulties, however, need be anticipated in this area since the current-voltage

characteristics of both types of sources are ideally suited for load matching, perhaps
even without an assist from any specialized electronics.

To the problem areas encountered it must be added that since the system had to be
designed for two different missions of different power requirements (TV and Tracking),
not only had two different designs to be created, but also the design requirements of
one had to be compatible with those of the other. Considerable time was required to
complete the necessary analytical work. Weight and power trade-off curves included
in this section show the intricate relationships among the power source characteris-
tics, system weight, required electrical storage, and duration of mission in the
Tracking mode.

2., SUMMARY

The analysis of a power supply system comprising both a solar array and a radio-
isotope - thermoelectric power source has been performed for the system configuration
shown in Figure I.3.E-2. Other configurations are possible, for example, one with
the RTG output connected directly to its own group of loads, rather than to a common
unregulated bus as shown. ‘

In what follows, the solar array is described in terms of the required vehicle
surface area Ag. The RTG is described in terms of a number (Py) of watts, where
Pr is the number of watts required at the end of the 40th day (the end of the TV
mission), In this analysis all Py values are based on the half-life of Polonium 210.
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Figure I.3. E-2. LOC Power Supply Block Diagram

It has been found that for the LOC mission (specifically, "System A'"), a radio-
isotope-thermoelectric generator rated at 40 to 60 watts at the end of the TV mission,
in conjunction with a suitable amount of solar-cell array battery power, will meet the
power requirements of that mission and cause the system to survive at least 60 days
in the Tracking mode (see Figure I, 3. E-1 for TV-mode power profile), The weight
of such a power system would be just under 80 pounds total, although further weight
optimization is considered possible.

The analysis has been carried out step by step, and several expressions of a
general nature have been derived. Given a new set of assumed numbers, the
numerical analysis can be repeated without further difficulties.

3. ENERGY BALANCE, DERIVATIONS AND ANALYSIS

Figure I.3.E-2 shows a simplified bloek diagram of the system. As indicated,
the unregulated bus is supplied jointly by a solar-cell array and a radioisotope -
thermoelectric generator (RTG).

The average power at the unregulated bus (Pu) is:

P = ¢gP + P (1)
u S r

where ¢ is the fractional time in the sun, Pg is the average daytime power output
from the solar-cell array, and Py is the output of the RTG device at the output ter-
minals of the voltage converter.
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The array output Pg is determined from a well-known expression often used in
sclar-array design:

P_ = 130 P; AED (2)

where

P, is the cell packing factor, of the order of 0.8 to 0.9; 0. 85 will be used in
' what follows,

i

A is the projected effective vehicle area required for solar cells, in square feet,

E is the effective air mass zero efficiency of the solar cells at approximately
+25° to +30°C,

e to wiring losses and off-o

D is the combined array degradation factor due t
operation, assumed 0. 92,

and 130 is the solar constant in watts/ft.2

Equation (2) is assumed to be time-independent; that is, over a period of approx-
imately one year or so, the array output is assumed to remain constant for the LOC
mission. RTG output, however, will decrease in time, the amount of decrease being
a function of the rate of decay of the radioactive material used to generate heat.

Let the output of the RTG be defined as follows:

P, = P_ exp (- %) @)

The constant k may be determined from the following bdundary conditions:

when t then Pr = 0.5 P_.

v

= Yaf-life’

If the radioactive material is Polonium 210, with a half-life of 138 days, then

_ _ 138
0.5P = P e (- (4)

where P_ is watts of output at t + 7 = o; 7 is the number of days standby prior to
insertion into moon orbit, and t is the number of days in moon orbit.

Based on the isotope half-life alone, and assuming constant efficiency of the
thermoelectric elements over a wide temperature range, the constant k is found to be
197 days. The assumed effective efficiency, however, serves to modify this number,
causing the effective rate of decay to appear to be faster than that implied by the
number just found. A study has been made to show that, for the required 40-day
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lifetime in the TV mode, the constant k is such as to cause the equation td assume
the following form:

P, = P_ exp [-0.011 (t + -r)] . (5)

Equations (1), (2), and (5) define the amount of power available at the unregulated
bus at any time t, as well as the energy available over any reasonable increment of
time At taken about any time t. As for the amount of energy required, it is a function
of the agreed-upon load profile and the internal power-supply losses. Therefore,
regardless of the type of source(s) or the relative amount of energy originating at
either of the two (or more) sources used, the amount of orbit energy required for a
single orbit at, say, the VR input (Figure I. 3. E-2) is a fixed numbér which can be
determined. The VR input is a realistic point at which to determine the per-orbit
energy requirements since the voltage level there is the same as the unregulated bus,
and because it is the only point in the system from which current is drawn by all the
loads. At that point the total energy requirement per orbit (in watt-hours) is the sum
of the daytime (WH)4 and nighttime (WH), requirements, where the latter consists of
two parts: first, the direct nighttime energy from the RTG which, in a manner of

- speaking, knows no "nighttime,' and second, assuming that the RTG energy alone

is not always sufficient to supply nighttime loads, the net difference which must be

supplied by the batteries. This net difference is equal to the difference between the

total nighttime requirement (WH), at the VR input and the energy supplied by the RTG.
‘ To be consistent with the idea of the amount of energy required from the sources, )

that is, to refer nighttime energy requirements to the unregulated bus, the above net

difference must be divided by the battery watt-hour charge-discharge efficiency, ep,

expressed as a fraction, i.e., .

(WH), - (1-0) TP
Z(WH) = (WH), + o + (L-o0) TP (6)

where T = orbital period (135 min. for LOC); and other symbols as defined
earlier,

Let (WH)q and (WH), be known. The Power profile in Figure I, 3, E-1 will be
used; as seen, this profile shows peak requirements only. The constant power P
(not shown) will be assumed to be variable for the time being. Assuming that the
power supply regulation efficiency is 78% during nighttime and during the one large
daytime peak shown, and 68% during the remainder of daytime. Referring to
Figure I.3. E-1,

wiy, = -1 [I8 5.5 (0 1 15 1_5_]

My = 568 [‘60) P, + 23.5 (60)] * .78 [(60) Pe + 60 (5o »

or ‘ (7
(WH),; = 2.16P, + 25 watt-hours

)
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Note that the 0. 2-second peaks shown in Figure I. 3. E-1 have been neglected; they
are significant only in the regulator and perhaps battery designs. For the nighttime

requirements: 4
1 45 10 10 - 10
(WH) = 3.78 [60 Po v W5 o+ 105y 4 140 T
(8)
(WH)n = 0.96 Pc + 30.5 watt-hours

Note that the 140-watt peak is at the unregulated voltage level, and therefore not
subject to the 78% efficiency factor.

Equ'ations (7) and (8) can be substituted into equation (6). But prior to that let it
be noted that (1 - )T of equation (6) is 49 hours; likewise, P_ is given by
equation (5). 60

Making all of the substitutions and simplifying, the result is an expression for
the total energy requirements per orbit required from any and all sources of
available power:

Y WH) = 3.69P, - 0.44P exp [-0.011 (¢ + )] + 3.5 ©)

It is seen that the smaller the RTG, from the point of view of electrical output,
the more total energy is required (negative term small). This is a consequence of the
fact that relatively more nighttime power will have to be supplied by the battery, in -
turn raising the total energy by the amount needed to overcome increased battery
losses resulting from the implied larger discharge.

If the time element is included in Equations (1), (2), and (3), the total energy
per orbit available from both sources can be found.

> wH) = TP
90 135
Z(WH) =50 (130) (0.85) (0.92) AE +—— P _ exp [-0.011 t + -r)] (10)
or
Z(WH) = 153 AE + 2.25 P exp [-0.011 (¢t + 7)] | (11)

To be within energy balance, the required energy must equal the available
energy. Equating the right-hand members of equations (9) and (11) and simplifying,
the result is the overall system energy-balance equation based on the first-40-day
profile and a constant power Pc:

AE + 0.0176 P_exp [—0.011 (t+T)] ~0.0241 P_-0.480 =0 (t =40 days) (12)
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‘ To determine the energy-balance equation for operation after the first 40 days,
it is customary to let the constant term of equation (12) (0. 48) equal zero, However,
there is in this case one minor difference. Since there are assumed to be no pcaks of
any sort when t> 40 days, the daytime regulation efficiency is constant of 687%, in-
stead of 687 for 75 minutes and 787 for the remaining 15 daytime minutes used in
the determination of Equation (7). A technically correct expression, therefore,
should have a slightly diffcrent coefficient for P,. By applying the analyticl technique

developed above, the energy balance expression for operation after the first 40 days
becomes:

AE + 0.0176 P_exp [-0.011 (¢t + n] -0.0244 P_ =0 t>40) i, o (19

Let the two equations covering both energy balance conditions be altered further
by adapting them to a specific mode of LOC operation, i.e.,

let Pc = 27 watts when t = 40 days
and Pc = 25 watts when t > 40 days
Let it be further assumed that the standby time is two weeks (7 = 14 days).

Since the RTG source power is a decreasing function of time, the cnergy balance
equation (12) must specifically apply for the condition of t = 40 days. Equation (13)

‘ ' will be left with t as a variable, for it will later be useful in determining the amount
of time the system can survive in the Tracking mode which follows the first 40 days.

If the amount of power required from the RTG source at't = 40 days is defined
as Pr , then )

P. = Pexp [-0.011 (¢ + 14)] (t = 40 days)
and if t; is defined as the time of operation in tracking mode, then substitutions can
he made into Equations (12) and (13). Simplified, they are:
AE + 0.0176 Pr - 1.13 = 0 (t = 40 days) (14)
AE + 10,0176 Prexp [—-0,011tt:l - 0.61 =0 (t > 40 days) (15)

Let E be the solar-cell efficiency at approximately +28°C, Let it also be
assumed that the actual temperature of the solar array is + 60°C in the TV mode and
+40°C in the Tracking mode. These operating temperatures will cause any assumed
E to drop, necessitating an increase in the available area A to keep the AE product
constant. E is assumed te decrease at a rate of 0. 6% per centigradc degree of
temperature rise. That assumption and the fact that the maximum angle between the
sun vector and normal to the array (vehicle side) is of the order of 30° will cause the
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maximum projected surface area A_ (side-area scen looking normal to the side surface)
to be greater than the A of Equations 14 and 15 by an amount given by

B 1 + 0.006 (60-28)°CT _ o
A, = A [ Foa 3" ] = 1.38A t = 40 days) (16)
Similarly,

A = L.24A (t > 40days) o an

It is probably true that when the angle is 30° the temperature is somewhat below
the maximum.

Equations (16) and (17) imply the worst case combination which may therefore
constitute the only assumed safety factor in the array design in this analysis.

If E = 0.1 (10% @ +28°C)

and A = As/1.38 (Equation 16),
then

AE = 0.0725 AS.

Making substitutions into Equation (14) and éimplifying,

A, + 0.248 P - 156 = 0 (t = 40 days) (18)

Similary, by substituting Equation (17) into Equation (15), we obtain

[
0
~ar

A+ 0.218 P_exp [-0.011tt] -7.56 = 0, thercafter. (

4, WEIGHT ANALYSIS

The weight of a solar array is taken to be 1.1 pounds per square foot, including
solar cells and a nominal structure. On that basis, the wecight of an array consisting
of cells mounted on a side of a cylinder is 1.1 A , where Ag has been defined in
the previous section as the maximum projected su¥face area. The weight of all power
supply electronics, when packaged, may be taken as 6 pounds for the LOC. The weight
of an RTG will be assumed to be based on a specific power of 1. 12 watts (Pr Equations
(14) and (15)) per pound.* For the battery weight, consider the numerator of the

*This number is based on a manufacturer's unofficial quote using Pb-Te thermo-
electric elements, and assuming that P is the power at the end of the 40th day.
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fractional member of Equation (6) which represents total battery discharge per orbit
{strictly speaking this is actually not the total battery discharge per orbit; the day-
time peak shown in Figure E-1 may draw some stored battery power assuming near-
optimum system design. The amount of energy drawn, however, will be relatively
small, and, assuming the presence of an RTG, will take place only around the 40th
day.):

Battery discharge = (WH)n -(1-0) TPr (watt-hours)

Making substitutions from Equation (8), and noting that

_ 45
(1-0 T = 0 hrs, then
Battery discharge = 0.96Pc + 30.5-0.75 Pr = 54,5-0.75 Pr’ (20)
since Pc = 27 watts.

Equation (20) represents the amount of battery discharge per orbit in the TV mode.
The weight of the battery is determined by its ability both to absorb a given rate of
charge and to furnish a required maximum rate of discharge to a load. For nickel-
cadmium batteries, the maximum safe rate of charge is 3 watts per pound of batteries.
Furthermore, during the TV mode, recharge time per orbit is 75 minutes (90 minutes
daytime less a 15-minute peak load duration), Also, the watt-hour charge-discharge
efficiency may be safely assumed to be 63%.

54.5 - 0,75 Pr

(75)
0.63 !

Ave, watts charge =

(21)

= 69.2 - 0.95 P_ (watts)

which is the required charge rate. Based on 3 watts per pound, the required battery
weight is

watts charge
3 watts
pound

= 23 - 0.317 Pr =y (22)

It can be shown that, in this case, as long as the battery weight is y' or more, the
percent depth of discharge is 23.6% or less:

'd _ Wwatt-hours discharge/orbit
watt-hours capacity

. 100 ) (23)

1.3-84



‘ | |

The numerator of Equation (23), is givenv by Equation (20). For Ni-Cd batteries,

the specific capacity is 10 watt-hours per pound, hence, watt-hours capacity = 10 Y’
where Y' is given by Equation (22). :

(54.5 - 0.95 Pr) watt-hours

100 = 23.6% (24)

¥

watt-hours

10 pound

(23-0. 317 Pr) pounds

A depth of discharge of this magnitude or less is considered acceptable.

In a similar manner, a weight Y" can be determined, based on a magimum per-
missible rate of discharge of 10 watts discharge-to-load per pound. In the case of
interest, discharge is no less a limiting factor than the average rate of charge analyzed
in some detail above. In what follows, y' will be defined as the weight of an un-
packaged battery in the equations involving total power-supply weight. . g‘u

The total power—supply—sysfem weight v is, therefore,

Y = 1.1 mA_+6 4o+ L15Y (25)

where Y' is the battery weight determined from Equation (22). The factor of 1.15
‘ accounts for packaging. ‘

In Equation (25), the first term of the right-hand member is the weight of the’
solar cell array, the second term the weight of the regulatory electronics, the third
term the weight of the RTG, and the fourth term is the battery weight. From
Equation (18),

A =[15.6 - 0.243 P ]ft2.
S ‘I'

Substituting AS into Equation (25) and simplifying,

y = [86. 6 - 0.31 Pr]pounds (26)
5. RESULTS AND CONCLUSIONS '

Table 1.3. E.1 shows the results of the equations derived in the preceding sections.

The first column in Table 1.3, E.1 is the solar-array area, Ag. It will be re-
called that Ag is the required projected vehicle area which must be made available
for solar-cell mounting; the actual projected area of the solar cells is, therefore,
somewhat lower than As. The second column is a set of solutions of Equation (18)
for Py, given Ag in the first column. Y in the third column is found from Equation
(26); it is the total "unadjusted" system weight, and is a function of the various
possible combinations of Ag and Py in the first two columns. The "adjustment”
referred to is that of the battery weight, to make sure that the battery is credited with
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sufficient weight to enable it to meet various system requirements, e.g. maximum
watts discharge, The value of this adjustment is found and given in Table V-1 as

Ay which, when added to y in the third column, results in the total power supply sys-
tem welvht of a working system given in the next to~last column under Total Weight.
Approprlate footnotes (part of Table E-1) show some further detail regarding battery
weight adjustment,

Finally, the last column is a set of solutions of Equation (19) for t;, given Ag
and Py of the first two columns,

Figure L 3. E-3 shows graphically the results presented in Table 1. 3. E-1. The top
curve shows the total system weight as a function of solar-array area Ag. Total system
weight does not appear to be affected a great deal by the particular solar cell - RTG
proportion selected, particularly within a solar-array range of approximately 0 to
10 sq. ft, although the system weight is minimal in the all-RTG system (Ag = 0).

The "RTG power, 40th day" curve is a plot of Pr as a function of AS. As indicated,
as Pr gocs duwu, Ua.u,cxy wmguu must iicrease to support a lar ger sharc of night-
time loads. Two curves of array power are drawn: one, for the TV mode, and the
other, for the Tracking mode; the difference between the two curves is due to dif-
ferent array temperatures, which are +60°C and +40°C, respectively.

As the array contribution to the overall power requirements is allowed to in-
crease, the number of days of operation in the tracking mode is also increased until
the array area is 7.58 sq. ft. or larger, under which condition the Tracking mode
will be sustained indefinitely. This is shown by the curve labled ""days Tracking
mode"',

In conclusion, analysis indicates that the mission requirements of 40 days TV
mode and tt days Tracking mode can be accomplished by 15,63 sq. ft. of projected
solar-cell array area, by an RTG weighing roughly 58 pounds and supported by suit-
able batteries to sustain peak loads, or by a judiciously chosen proportion of each
type of source. The optimum system is probably somewhere within the region of
requirements resulting in 2 to 7 square feet of projected array area, depending on the
desired life in the Tracking mode, ease of procurement of the RTG of the required
characteristics, and solar-ceil area availability. Weight would be a secondary con-
sideration due to the demonstrated relative constancy of total system weight within
the range of greatest interest.
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F. MECHANICAL DESIGN OF LUNAR ORBITER CAPSULE
1. DESIGN CONSTRAINTS

The structural configuration of the lunar-orbiter capsule and the system design
parameters evolved from the external design constraints imposed by the mission
requirements, the spacecraft bus, the launch-vehicle envelope, and the payload
capability. Internal constrainis based primarily upon meeting successful mission
performance requirements, are maintenance of satisfactory inertia ratios and
provision of satisfactory thermal control and structural integrity.

Prime consideration was given in the mechanical design of the lunar-orbiter cap-
sule to negate any need for change in either the spacecraft bus or launch vehicle. This

- goal was essentially satisfied by staying within the design envelope of the Agena-B nose

cone and clearing the solar paddles of the spacecraft bus. This was accomplished by
the usc of an aircraft-type, riveted, sheet-metal, conical adapier skirt that mates the
lunar-orbiter capsule to the spacecraft bus. The upper portion of the adapter skirt
fastens to the retro-rocket case through a Marman-type, "quick-disconnect" flange.
The lower portion of the skirt extends down and mounts to the spacecraft bus. Ejection
of the capsule from the spacecraft bus is accomplished by activation of either of two
redundant explosive bolts in the Marman-type separation clamp. Separation velocity
is imparted to the capsule by the spin-up motors prior to firing the retro-rocket,

Restrictions on the launch vehicle and on the spacecraft bus payload and envelope
influenced the selection of the capsule power supply and the attitude and stabilization
system. The structural configuration (see Figures I.3. F-1 and I. 3. F-2) includes a
65-watt radioisotope thermoelectric generator (RTG) and a three-axis, gas-jet
stabilization system. Other systems under consideration were a solar-cell-array power
supply and a spin-stabilized attitude-control system.

Internal design constraints were primarily concerned with maintaining satisfactory
mass moment-of-inertia ratios

— -

. . 1
[ I spin axis rotating mass J

I transverse for static rotating mass

greater than 1.0 during the spin-up portions of the mission, as well as to provide
satisfactory transient environmental temperature control for the various system com-
ponents and RTG heat dissipation temperature rcgulation. A basic "disc-like" struc-
ture was designed to support the system components. This requires ejection of the
retro-rocket motor after burnout and ejection of the directional antenna and part of the
directional antenna support prior to the final tracking-transponder experiment.

High density packaging of capsule equipment is accomplished by mounting equip-
ment to both sides of a baseplate. The upper side of the baseplate is flat to provide
for ease of mounting equipment. The lower side has six radial ribs which provide
the necessary stiffncss and strength to endure launch vibration, in-flight acceleration,
and rotational loads. Structural weight is held to a minimum partially by using the
retro-rocket case as a main structural member to transfer the capsule load to the
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Figure I.3.F-1. Structural Configuration of Lunar Orbiter Capsule

spacecraft bus via the adapter. In addition, the torus-shaped gas-storage container and
the thermal-control radiation panels perform a dual role when integrated into the system
by further increasing the structural stiffness. The basic baseplate structure provides
great latitude for the addition of possible further experiments on future missions, as-
suming some of the present payload will not be required.

With the center of mass located at approximately station 445.0. the mass moments
of inertia are approximately estimated as follows:

Ixx = 8.23 slug-ft2
Ly = 10.28 slug-ft2
I,, = 8.97 slug-ft2

Approximate estimates are given at this time since the RTG unit had to be relocated,
and no new figures are available.

2. SYSTEM COMPONENTS (Refer to Figures I.3.F-1 and 1.3. F-2)
a. Retro-rocket and Spin-Up Rockets

The retro-rocket and spin-up rockets are of the solid-propellant varicty, selected
because of their simplicity and reliability. A spherical retro-rocket case with protruding

thrust nozzle is especially suitable for the lunar-orbiter capsule because its compact
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envelope and shortened nozzle length appreciably affect the payload center-of-mass
and mass moment-of-inertia restrictions of the spacecraft bus. The solid spin-up
rockets are similar to those employed with great success on the TIROS weather
satellite.

Three solid-propellant spin-up rockets are to be mounted to the exhaust nozzle
of the retro-rocket at a small angle to provide a thrust increment to the capsule after
separation from the spacecraft bus. They also provide a rotational stability to the
capsule to minimize any error in misalignment of the retro-rocket thrust. Thermal
and inertial considerations require ejection of the retro-rocket casing. This takes
place after burnout by the activation of an explosive bolt which separates the. retro-
rocket motor from the main structural baseplate. Eight nested Springs at the mating
face provide the necessary separation velocity for a clean, uniform separation.

b. Directional L-Band Antenna

The dircctional antenna is rigidly secured to the haseplate hy a sheet-metal goose-
neck structural mount. This allows the center of mass of the directional antenna to be
located at the principal axis of the capsule, which in effect ensures little disturbance
to the capsule stability during orientation of the antenna dish necessary for the pro-
curement of television pictures of the lunar surface. The dish is secured to the mount
at launch by a pin-puller type catch which disengages prior to activation of the stepper
motor to rotate the directional-antenna dish. Ejection of the antenna and a portion of
the mount is effected by activation of an explosive bolt immediately after final spin-up
for the final transponder tracking experiment. This is discussed more fully in Sec-
tion1, 3, C.

c. Three-Axis Attitude-Control System

A conventional three-axis, gas-jet torquing system is to be used. It consists of
a torus storage tank, six 0.01 - 0. 05-1lb. solenoid-operated thrust nozzles, two per
axis, with a common regulator valve. The nozzles will be mounted around the mid-
section of the capsule and in mutually perpendicular planes, to eliminate coupling
problems. Either a nitrogen or a liquid ammonia gas system shall be used; liquid
ammonia requires a lower storage tank pressure and is therefore preferable. This
subsystem is selected primarily because if offers a greater degree of flexibility and
growth potential to the lunar-orbiting capsule than a spin-stabilized system. In addi-
tion, techniques developed for this system would be directly applicable to later lunar
orbiters, including manned systems. Y

d. Thermal Shield

The thermal shield consists essentially of two concentric cylinders joined together
at the bottom with a thin flat sheet-metal dish. It maintains the capsule in a satisfactory
temperature range during the mission for transit and operating modes. In addition, it
stiffens the underside area of the baseplate and equipment compartments. It can also
serve as a guide for jettison of the retro-rocket so as not to induce any undesirable
loads to the capsule. The shield will be permanently fastened to the baseplate for the
entire mission.

1. 3-92



REAREE N 62977

e. Omnidirectional Antenna

The omnidirectional antenna will consist of eight slot radiators, mounted circum-
ferentially and equidistant beneath the baseplate. They will be energlzed through
eight coaxial cables. The thermal shield will include 8 electrically-transparent covers
over cut-outs in the region of the slot radiator.

f. TEAM Dampers*

Two TEAM dampers will be located 180° apart symmetrically with respect to the
center of mass of the payload capsule and parallel to the spin axis. Cut-outs will be
provided in the baseplate to facilitate mounting the dampers.

g. The De-spin Assembly

The de-spin assembly will be wound about the structural frame at the center of

noa of tha ~aananla Té w311 wvmvnerd 1dn tha ~hao e
Mass o1 uic Capsuwie. il Wil proviac the IIDUGDDaLy \,uausc All a.usuua,.x momentum to

de-spin the capsule after the initial spin-up after orbit injection. This system has
proven to be highly reliable in the TIROS satellite series.

h. Final Spin-Up Rockets

As in the initial spin-up rockets, the final spin-up rockets will be of the solid-
propellant variety. Two sets of rockets will be mounted essentially at the center of
the capsule mass as it exists for the final transponder-tracking phase of the mission.
One set will be fired to achieve a low-velocity rate prior to achievement of the spin
axis normal to the ecliptic plane. The second set will be used for final high-speed
spin-up after proper orientation has been obtained.

i. Vidicons

Two vidicon units will be mounted to the top of the baseplate, in line with the
horizon scanners. Optical line-up with the horizon scanners is essential at installation
to the capsule.

j. Horizon Scanners
Either one or two horizon-scanner units will be mounted to the capsule in such a
way as not to disrupt the beam field of view.

k. Digital Solar-Aspect Sensor

The digital solar-aspect sensor is used to establish the spin-axis normal to the
ecliptic plane during the final spin-up mode.

* See page III-20 of the Final Report on Lunar Orbiter Capsule, AED-1542, dated
31 July 1962 for a discussion of the "TEAM' precession damping mechanism.
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1. Gyros and Other Electronic Components

If active scanners are used, a gyro compass or two, single-degree of freedom,
system is necessary for yaw-axis control. If a static unit is used, a three-axis
system will be used as a stable platform. Other electronic system components will

be mounted for accessibility and convenience to other related components.:
3. PROBLEM AREAS
a. The Radioisotope Thermoelectric Generator (RTG) Power Supply

This unit requires special handling. If a low half-life material is used, replace-
ment RTG's would have to be readily available from the RTG manufacturing facility.

Provision would have to be made to dissipate the heat generated during the launch
mode, or until the spacecraft shroud is ejected. One suggested method is to use an
umbilical draft system to suitably cool the RTG prior to launch. Thermal dissipation,
during the near-earth phase, would have to be checked.

b. Directional L-Band Antenna

As indicated in the "Lunar Orbiter Capsule Preliminary Configuration Report",
AED-1616, dated 25 September 1962, page III-15, item 16, the antenna is located so
A that its center of gravity 'is on the payload spin axis. The offset of the gooseneck
. frame from this axis would be compensated for by other equipment. As a result,
the only remaining product-of-inertia term is the product-of-inertia of the antenna
about its own center-of-mass. Although rotation of the antenna would add some
additional product-of-inertia, this should not be large enough to be of any real
consequence.

In the formula* for the product of inertia as a function of angular rotation:

1) 0= % (Ix-Iy) sin 2 ¢ + Ixy cos 2¢ (See Figure 1.3.F-3.)

Ixy» the product-of-inertia term, is zero about the principal axes Ix and Iy
because the x axis is an axis of symmetry, I! !, the new product of inertia, after
rotation through an angle ¢, is then equal to the Xirst term only. The product-of-in-
ertia term can be eliminated altogether by merely making Iy = ly by the addition of
some electronic components behind the reflector. Effectively then, all axes through
the center-of-mass become principal axes of the antenna..

The principal axes of the payload would be established collinear with the spin
axis for the transfer and retro-rocket spin-up mode.

* See Appendix I of Engineériﬁg Mechanics by Timoshenko and Young and the Section on
‘ Principal Axes and Principal Moments of Inertia.
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Figure 1.3. F-3 Directional Antenna Inertia Configuration

In order to obtain a suitable inertia ratio for the spin-up phase, one or more com-
ponents no longer useful for this phase would be ejected. This may be accomplished in
two ways:

1) eject the antenna and part of the gooseneck support frame in order that the
principal axis of the payload does not shift, or

2) eject the antenna and the complete gooseneck support frame.

Technique No. 1) is the simpler, if the required inertia ratio can be achieved by
this technique alone. As indicated before, the principal axes would not be changed;
and the pulse jets and TEAM dampers would operate in the same manner. It would
appear that this method is feasible, since the inertia contributed by the antenna and
the upper part of the gooseneck is relatively large, and represents the masses
farthest from the transverse axis. The contribution of the lower part of the goose-
neck support to transverse inertia is. somewhat less, because it is designed to support
only a four-pound antenna, Furthermore, the gooseneck is designed with a light mass
disiribution in the free portion and a heavy distribution at the base.
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A principal-axis shift would occur if the entire gooseneck support also were
ejected. This could be eliminated by attaching electronic components integrally to the
frame or by ejecting additional components. A small, principal-axis shift could be
tolerated if it were small, and, if necessary, the pulse jets could be lined up with
respect to the new principal axes. It is doubtful that this would be required.

c. Retro-Rocket Ejection
A more detailed investigation must be made as to how the spin-up rocket may be
ejected without bumping the payload proper. Evaluation also must be made of the

centrifugal force contribution resulting from rotation during the retro-rocket spin-up
phase of the mission.
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G. THERMAL CONTROL

1. INTRODUCTION

FEORBER .0 2 /¢

The thermal design effort for Phase II of the LOC Study program comprised two

main areas:

(1) Development of a computer program for accurately determining the lunar orbit

thermal radiation environment, and

(2) Final thermal design of the LOC,

A detailed thermal analysis of the LOC itself could not be initiated until the vehicle
configuration was established. The program was cancelled just as this configuration
was established; hence, the work actually performed in the thermal control area was
primarily devoted to determining the lunar orbit thermal radiation environment.

2. THERMAL RADIATION ENVIRONMENT OF A LUNAR ORBIT

Preliminary data on the thermal radiation environment were accumulated during
Phase I of the LOC study program. To provide more accurate data, a computer pro-
gram was developed during Phase II to obtain the IR and solar-reflected radiation in-
puts to a plane area at various orbit altitudes and at various angles to the position
vector. The geometry for obtaining these inputs is shown in Figure I, 3. G-1,

SUN

: EARTH'S RADIUS VECTOR TO dAy
: ANGLE BETWEEN R AND d

nZ X

ANGLE BETWEEN R AND XY PLANE
= ANGLE BETWEEN P AND XY PLANE

S wwMmMMmBa®

. »

: DISTANCE FROM CENTER OF EARTH TO AREA dA
= DISTANCE FROM dApm ON MOON'S SURFACE TO dA

= ANGLE BETWEEN d AND NORMAL TO AREA

ANGLE BETWEEN PROJECTION OF R ON XY PLANE
AND PROJECTION QF # ON XY PLANE

Figure L 3.G-1 Geometry for Obtaining Thermal Radiative

Power from the Lunar Surface
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The basic cquation for the [R radiaticn input is:

4

) = f < {1
dl €1 0 TM TI\IdA dAM (watts) (1)
where:
dP = power transferred to a surface element, dA, of the satellite from a
surface element, dAag, of the moon
FMdA = geometric view factor from the moon's surface element (dAyp) to the
satellite's surface element (dA)
€M oT,\‘%I = radiative power from the moon's surtace element (dApp

Using the geometry of Figure 1.3, G-1 F A 18 given by:

Md

[
cos &M cos &y

4
MAA = . L R7 cos 6(d 6) (do) (dA) (2)

Td

F

Substituting this expression in Equation (1) and dividing by dA yields:

&
. dp _ ~ 4 CosEycosiy 2
dA = dITh = €y UT‘;\I ~d2 R” cos 5 do d¢ <\xatts/m ) (3)

Performing the integration indicated in Equation (3) vields:

L cos £ cos ¢, .
_ 1 M N k2'os & d o de
Ly = 1 { €9 Ty ¥ R™ cos ¢ d¢ do (+4)

To solve this cquation, the factors cos &ng, cos £y, and d must be expressed in
terms ol 5, ¢, and B, where B is equal to R/p. To simplify both the derivation and
computation, all cases were excluded for which ¢ and 3, the angles to the position
vector (see Figure B-1 in Appendix B), arc different from zero simultaneousiy (e. g.,
either a or 3 or hoth may be zero, but cannot be non-zero simultarcously), Thus, an
equation was derived for all values of « with 3 equal to zero and a second equation was
derived for all values of 8 with & equal to zero, The input for any arbitrary angle can
then be determined by an appropriate combination of the two equations.

To derive an expression lor d which is valid in both of the cases described above,
the triangle defined by line segments R, p, and d is used. (This triangle is shown in
Figurc 1. 3. G-2.) The Law of Cosincs yiclds:

2 2 o

d = p~ +R"+2Ryp cos n (5)
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Figure L. 3.G-2 Geometry for Obtaining an Expression for d

The principles of vector analysis are used to derive an expression for cos 7.

-R-p
cos 1) )
= C0S'¢ Co0S 6S cos ¢ + sin § sin ds (6)
Thus:
2
d—=1+32-23(cos5cos5 cos¢+sin5sin5)' (7
2 s s
P
where:

B::._]R_
D

The factor cos &) is also independent of both @ and 8, and is given by (from
triangle Rdp):

cos 'EM = -z—l-l)—a(pz +d2 -—Rz)

2
P Rl d
_%<1 B +;§> (8)
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Figure L. 3. G-3 Geometry for Obtaining Cos £y when 8 is Zero

Figure L. 3. G-3 shows the geometry for deriving an expression for cos ¢, when
B is zero. In this figure, b is the extension from the normal of the plate to tBIe Z axis

and a is the distance from dAy; to the intersection of b and the Z axis. Applying the
Law of Cosines to triangle abd gives:

1 (2 .2 2 -
cos ¢ = wr=(d® + b% -a?) | (©)

From the Law of Sines:

b = P (10)
sin (% - 65) sin (12'. +og - oz)

Solving Equation (10) for b yields:
pcos b
b=
cos Zés -a)

From triangle ZRa:

®©
il

Z2 + R‘2 ~-2RZ cos (—g- 6)

7 = sin o
cos (6 -«
(s 5
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Therefore:
2 . .
2 2 sin @ 2 sin & sin §
a=r [cos (6 —oz):l +R°-2Rp cos (Gs-a) (11

Thus, for B equal to zero:

r“ cos 53 - sinza 2 sin &« sin §
l:— . -B2-2B o @ a)J 12)

Substituting Equations (7), (8), and (12) in Equation 4 yields, for all values of a:

gmax ¢ max [ cos coss_ cos¢ +singsins, -B

4 f(5, ¢) é ﬁl
, ®) cos
Th '!mm Am I_ J L[l +B2-2B(cosécos és cos ¢ +siné siq 68)]2_,

cos ((SS - a) cos? 8y -sin «

+1—2B<cos6 cos«Ss cos ¢ +sind sin<5S

CcOs 68 0052 (és_a)
sin é sino '
- W) dsdo (13)

where {(6, ¢) is equal to ey o TM4- The limits on 6 and ¢ are derived in Appendix B,
Also given in this appendix are several other expressions for Iy which must be used
in portions of the region of integration where Equation (13) cannot be used because of
the term 1/cos bge

Figure I, 3, G-4 shows the geometry for obtaining cos gt}: when ¢ is equal to zero,
e

In this case the extension of the normal (a) will intersect x axis at a distance b

from the origin, From Figure I, 3.G-4.

1 2
cos gN = 5ad (a + d2 - h2) (14)
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Figure 1.3, G-4 Geometry for Obtaining Cos gN when @ is Zero*

where: .
a = p

“cos B
h2 = BZ + R® sin° 6
Ez= c2+b2-2bccos(%—w)

= cz+b2-2bcsind)

¢ = Rcosé
b= ptanp

*Projcctions "a' and b are differently defined in Figures L 3.G-3 and L. 3. G-4.
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Solving for h yields:

LA

) 2 9
h% = R? cos §+p~ tanzﬁ -2Rp cos § tan 8 sin ¢
Thus, when « is equal to zero: cooe
p 42
cosg_\}:;a cos f8 +——B - tan 3—2BcosétanBsm<,’>\ (15)
v \cos“ B p“ .

U v
Lo

Substituting Equations (7), (8), and (15) into Equation (4) yields:
6 max

/- /~ [cosé cos 55 cos ¢ ~-sino sinéS -B ]
(6, P) cos 8 T2 é - " . N2
A

“5 min ﬂ‘\m'n %17}3 - B\UOSGCGQ(S COSWA

[cosﬁ B (cosécos 6_cos¢cos P +cos P sin§ sin 5 - sin B cos 5 sin cp)]dadd)
(16)

The limits of integration for Equation (16) are derived in Appendix B (case B), To
find the distribution of radiative power (€ pp 0 Ty;"), Bulletin 106 of the Lowell Observa-
tory* was used to plot the radiative power as a function of §. A curve fit was then
made with the function:

2

4 3
=ksin® 6 17

GMUTM

as rccommended by A, Markow, ** Figure L 3.G-5 shows the point of measurements
and curves for values of k of 0, 8 watts per square inch and 0. 85 watts per square inch,
Mr. W, M. Sinton* suggested that the measured values appear to be about 5 percent
high., (The atmospheric transmission characteristic at the time of measurement was
very good and the atmospheric correction used was slightly conservative,) Therefore,
the value of 0, 8 watts per square inch was used for k. This agrees quite well with the
theoretical predictionderived during the preliminary study.*** When multiplied by 0.95 to
account for the 5-percent noted previously, the value of 0.8 watt per square inch is also
the mean radiative power at the subsolar point as calculated by W, M. Sinton. The radia-
tive power at the subsolar point as a function of the lunar phase angle of the moon's sur-
face element) has also been published. * Plotting this measured value

* W, M, Sinton, et,al,, "Isothermal Contours of the Moon", Lowell Observatory
 Bulletin 106,

** A, Markow, '"The Moon, A Russian View', University of Chicago Press, 1962,

*** Final Report on Lunar Orbital Capsule Study, Contract No, 950340, dated 31 July
1962,

I. 3-103



REAMBER s, 42 -7/ 7

“INTS FAOM FULKE 3. 8.6 "
! AND Y OF FEFERENCE | .

a1 (watTs/IN?)
Q
[
T

<
QLV‘J__I SRS [UES F SR UV S S RNV DS S i 1 i L. .
C 80 60

s$C 4 3% 2¢ S o]

3, ANGLE FROM TERMINATOR PLANE -

Figure I. 3, G-5 Radiative Power of the Lunary Surface as a Function
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as a function of the view angle, §n» and normalizing the values with respect to the

. values of € /e \ (emission normal to the surface element) yields the emission char-
acteristic, of the lunar surface as a function of the emission angle. The result of these
calculations, shown in Figure I, 3, G-6, shows that the lunar surface cannot be treated
as a diffuse emitter, (For a diffuse emitter, Lambert's Law would be represented in
the figure by a straight line for which € /e N is equal to one.)

There is no well-accepted explanation for the peculiar emission characteristie,
The peculiarity may result from lunar surface roughness (i, e., when viewed from an
angle, only the relatively cold slopes of the mountains and valleys can be seen) or from
the emission characteristic of a non-conducting surface, * To compare the measure-
ments with the values obtained in this latter case, Figure 1,3, G-6 includes a curve
representing the theoretical emission characteristic of a non-conducting surface having
an index of refraction, N, of 2, (In this case, € N is the emissivity for emission nor-
mal to the surface element,) The obvious agreement with the measured values appears
to justify the use of this curve to represent lunar surface emission. Thus, emission
from the lunar surface can be given by:

4 _
€ pT Tyt = £(5,0)
2
= k F(t)sin® 5 (18)

* M. Jakob, '"Heat Transfer'", Vol, 1, John Wiley & Sons, New York 1949
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The values of ¥ (¢ M) are tabulated in Appendix B. Using Equation (18), the value
of k should be higher than that calculated from Sinton's measurements as the mean
value for the subsolar point bhecause the variation in the brightness of emission as a
function of direction is already accounted for. Thus, the value of k should be selected
according to the values measured at full moon. According to Lowell Observatory
Bulleton No, 106, this value is 0, 88 watt per square inch. With a 5-percent correc-
tion, it becomes 0, 84 watt per square inch,

Substituting for k in Equations (17) and (18) yields:

2
4 .3

€y Ty = 0.8sin" 6 (19)
4 5

€09 Ty = 08¢ F (g M)sm 5 (20)

The computations were made for each of these two functions at a given orbital
altitude for various values of §.. To show the influence of the emission character-
istic, F (£p), the constant in E'Squation (20), 0,84, was replaced by 0, 8 to give the
change in ITh resulting from the emission characteristic alone,
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The computations were carried for 15-degree steps in the value of 64, starting at
the subsolar point and ending when only the non-illuminated surtace could he seen
(og = arccos 3). To account for the difference in the night temperature of the iunar
surface at sunrise or sunset, two constant values of night temperature were assumed,
according to an emissive power 0, (114 watt per square mch or U, 008 watt per square
inch, Tor values of 4. for which the circle of view included part of the non-illuminaterl
surface, the computations werc made for both of these values. In cases where there
was no significant difference in the computational results, one of the values was
discarded.

The results of the computer program are the IR radiation density for a lunar orbit
at orbital altitudes from 50 to 5000 kilometers and for various angles between the plane
satellite surface and the position vector,

This same computer program can be used to determine the radiation input to the
satcllite due to reflected solar radiation, The only change that must be made is in the
fu ctor ¢ \IgT“ﬁ , which must he replaced by a hrightness function, B(¢, ©). The lunar

riace is not a perfectly diffuse reflector: hence the function B{3, ¢} is not, as it
w oul d be according to Lambert's Law, ‘simply Sa sin ¢ (where S is the solar constant
and a is the mean albedo),

At the time of cancellation, information was being accumulated to determine the
distribution of the brightness of sunlight reflected from the lunar surface,

3. VEHICLE THERMAL DESIGN

The thermal design of the vehicle itself (RTG-powered model) was concerned with
maintaining the temperature within allowable limits during the mission. For con-
venience, the mission was divided into three phases:

(1) The transit phase;
(2) The TV and tracking phase, with 3-axis-stabilized attitude control; and

up pharce, occurring atter 30 to 40 Javs in phase 2, during wlich
only the tracking transponder would bhe operated,

The main ohjective of the thermal design effort was to avoid the need for active
thermal control while still AC holding the temperature within allowable limits during
all phases. This control is achieved, as shown in Figure 1.3, G-7, by surroundiny
the electronic cquipment with an insulating shroud which would probably consist of a
few separated layers of light aluminized Mylar., The shroud would cover the entire
vehicle except for an area directly behind the retro-rocket and an area surrounding
the camera optics, These two areas would be used for additional thermal control
during the last two phases. With this configuration, the temperature control during
the thiree phases of the mission is achicved as detailed in the following paragraphs,
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Figure L. 3. G-7 Thermal Design Aspects of the RTG Model of the LOC

During Phase 1, the transit phase, the temperature of the electronic equipment
must be no lower than 0°C. During the transit trajectory, the vehicle is oriented such
that the spin axis always points toward the sun; hence, there is almost no direct solar
input into the vehicle, Even without the insulating cover, the solar radiation would
strike the sides at such a low angle that the surface would act as a mirror. The solar
input to the top would be blocked by the RTG power supply unit and the antenna. This
RTG power supply offers a possibility of avoiding the thermal shield originally pro-
posed for keeping a solar-cell-powered vehicle at proper temperatures during the
transit phase. Two practical methods are available for keeping the equipment at the
proper temperature during this phase:

(1) Using the heat generated by the RTG power supply; or

(2) Using the electrical power of the RTG to operate a small resistor which would
supply enough heat to compensate for the small amount lost through the in-
sulating cover, :

The first method has the advantage of simplicity; however, heat transfer to the
cquipment from the RTG unit cannot be interrupted by simple means once the vehicle
is injected into the lunar orbit. At that time, the equipment will be turned on, and it
will no longer be desirable to have heat flowing into the equipment from the RTG.
There is also the additional problem that the cold-junction temperature of the RTG
decreases exponentially with time, corresponding to the decreasing output of the
radioisotope fuel. It would then be extremely difficult to hold the heat transfer from
the unit to the equipment at a constant level.
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To avoid this drawback, the electrical power from the RTG unit can be used to
heat the equipment through a resistive strip heater. Using this technique requires
the RTG be thermally isolated from the electronic by an insulating mount. The
amount of power required can be determined by considering how much heat will be
lost through the insulating cover. By using only a single layer of aluminized Mylar,
the emissivity of the outer surlace can be reduced to at lecast . 05. The heat loss would
then be:

Qost™ Age 1t 21)
where:
Ag = total radiating surface (1500 in2>
t = .05 | v
T = 0°C (273°K)
6 = StephanfBoltzmann constant
With these values:
Q[ ogT = 37 watts (22)

Therefore, a resistor capahle of dissipating 40 to 45 watts will keep the ecuipment
sufficiently warm. After the transit phase, the heater can be turned off easily, During
transit phase, it is also necessary to surround the rocket with an insulating shroud in
order to keep its temperature from falling too low,

Upon entering a lunar orbit, Phase I, the TV and tracking phase, the retrorocket
is to be jettisoned., When the rocket and its protective covering are jettisoned the area
behind the rocket (denoted as ''control area' in Figure 1.3.G-7) is left exposed, This
area can be used to radiate away part of the additional heat created when the electrical
equipment is turned on, The amount of area needed can be approximately found fronm:

4 4 _
Aseo"l +ACA€ CAUT = QeL (23)
where:
ACA = additional control arca needed
€ca” emissivity of area
QeL = average heat dissipation of the electrical equipment, = 60 watts
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For a temperature, T, of 30°C (303°K):

Q
ACAeCAz_-UTA_Ase . (24)

= 119 in2 . .

This quantity will increase slightly when the thermal inputs from the lunar
surface are also included. The vehicle is injected in such a fashion that no direct
solar radiation will strike this area. The final value for Aca € cA Will then probably
be around 150 square inches. This value can easily be obtained by using a high-€,
low-a paint on this area,

Phase 3, the spin-up phase, will start after 30 or 40 days of picture taking., At
this time, all equipment except for the tracking transponder 'vill be turned off and the
vehicle will be space-stabilized by causing it to spin about its axis normal to the
ecliptic plane. With the reduced power load, it will again be necessary to create an
additional source of heat. Because of the exposure of the control area, which was
covered by the retro-rocket during transit, it will be necessary to add more heat
during this phase than during the transit phase, It is not practical to use the resistor
which supplied the additional heat during the transit trajectory. Because of the time
decay of the amount of power available from the RTG unit, it will be necessary to con-
serve as much power as possible in the latter part of the mission in order to extend
the tracking portion as much as possible, Therefore, the area of the outer skin sur-
rounding the camera optics will be used to supply the required input, It was mentioned
at the beginning of this section that this area would not be covered with an insulating
shroud like the rest of the vehicle. Instead, a skin with a high a /e ratio will be used.
The low € will keep down the heat loss by radiation during transit, Because of the
small sun angle during transit, there will still be no appreciable sun input to this area
even with a high @, Also, while the vehicle is in its picture-taking mode, this area
will always face the moon's surface; hence, there will be only a very small input
directly from the sun shortly after sunrise and just before sunset. However, once
the vehicle begins to spin, the sun will illuminate this area on every rotation, It is
then a matter of determining just how much area is required to gain sufficient sun
input into the vehicle to maintain the proper temperature level during this time. The
actual amount needed will depend upon the results of the computer program, which will
give the moon's IR and albedo inputs to the control surface on the bottom of the vehicle
and which will also give the moon's albedo input to the side with the high o, The pro-
gram has not been run at this time; hence, any further calculations would be only
approximations.
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H. QUALITY CONTROL
1. INTRODUCTION

The quality control plan has been prepared in conformance with existing Department
of Defense quality assurance poiicies, particuiarly Specification MIL-C -9858 and NAS.A
Quality Publication NPC 200-2, The provisions of thlb plan would be fully implemented,
and in the event of conflict hetween portions of this plan and any contractual require-
ments, the latter would coutrol.

Two areas of quality control are not discussed in this section due to contract
termination, but they are covered in the general policies of RCA, These areas are:

(1) CQuality control participation during the design and development phase, and
(2) Change control for drawings, procedures, klocuments, and related material.
2. OBJECTIVES AND APPROACH

Complex space equipments must he produced under regulated conditions if
adequate assurance oi quality is to he realized. Production of such equipments
requires a systems approach to the control of uality. The objectives of this plan are
to estahlish a systems approach in order to determine those areas where controls arve
needed to assure a reliable end-product, and to define what these controls must he.
In order to be effective, such an approach must include the following:

(a) The establishment and implementation of adequate controls,

(b) Objective evidence that the controls are effective, and

(c) Sufficient inspection and test data to insure that the control of quality is being
maintained. and that the product complies with contractual requirements.

A quality control system is most effective when it is planned and developed in
conjunction with other functions, such as production. cngineering, and subcontracting,
This is essential to assure that the development and implementation of quality control
procedures and techniques are in phase with production planning and the purchase of
subcontract material, This quality control plan has been developed in compliance
with this principle.

3. SUBCONTRACTED MATLERIAL

RCA will assume full responsibility for the adequacy and quality of all subcon-
tracted materials and services, unless otherwise ruquned contractually, Cognizant
of this responsibhility, RCA will:

(a) Select qualified sources,

(b) Reguire subcontractors to maintain an effective Quality Control System
subject to RCA's approval,
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(¢) Conduct a survey of the subcontractor Quality Control System before produc-
tion starts, or at any time thercafter to determine the extent of compliance
with contractual requirements, and

(d) Provide surveillance, as deemed appropriate, and reserve the right to inspect
at any time procedures, producis, processes, and records to determine com-
pliance with contractual requirements.

a. Selection of Subconfractors

Selection of subcontractors will be based on their previous quality history, as
indicated by the RCA Vendor Rating System. If no previous quality history exists,
selection will be based on a survey of the subcontractor's facilities and Quality Control
System. It will be incumbent on the subcontractor to provide objective evidence to the
satisfaction of RCA that he is capable of supplying items of a quality equal to-or ex-
cecding that contractually required.

bh. Procurement Documents

Quality Control will review all procurement documents such as drawings, specifi-
cations, engineering orders, test procedures, and purchase orders, prior to release
to a subcontractor, to assure that these documents contain and contractually impose
on the subcontractor characteristics determined to influence quality. Specifically,
these reviews will ascertain that:

' .
(1) Drawings are complete in all details such as dimensions, tolerances, proper
values of electrical components, explanatory notes, reference to process
procedures, and marking of parts,

(2) Test procedures ure adequate and contain all details of test performance
including specific test equipment, environmental conditions, and conformance
limits, and

(3) Any other documents, as applicable, include conditions, criteria, and methods
or characteristics in conformance to contractual requirements.

Results of these reviews will be documented and kept in the Quality Control files
along with document copies available for JPL review.

¢. Source Inspection

RCA will cither provide for source inspection or require objective evidence of
compliance with contractual requirements where, in the opinion of RCA's Product
Assurance management, the quality of the produced item cannot be solely determined
by receiving inspection.
d. Receiving Inspection

Receiving inspections will be performed on all parts, components, and sub-

assemblies in accordance with RCA-DEP Procedure No. 3413. Detailed inspection

1.3-111



LERE SRR
t}

P SN R

instructions will be prepared and submitted to JPL for review. Such inspection pro-

cedures will cover all aspects of testing, conformiance verification, etc. as may be
contractually required and/or in accord with best practices of the art.
e. Identification

“u

Parts, components, assemblies, and raw materials received by RCA will he

- clearly identified and marked 1s may be required by contract, applicable drawings,
or specifications. Receiving inspection personnel will indicate conformance or
rejection by tag, stamp, color code or other medium. The integrity of lots will he
maintained in bins which will indicate parts that:

(1) arc awaiting test,
(2) have been accepted,

(3) have been rejected, or

(4) have been referred to the MRB for review
f.  Failure and Deficiency IFeedback

A closed-loop system of failure reporting and deficiency feedback will he insti-
tuted with all subcontractors and co-ordinated through RCA's purchasing function,

Critical failures or malfunctions will be analyzed by RCA's Reliubility Engineering
function prior to transmittal of the information to a subcontractor to:

(1) Determine cause of failuve,

(2) Properly assess the effect of such failures to mission objectives, safety, or
delivery schedules, and

(3) Indicate solution to the problem, and request corrective action to correct
existing deficiencies and to eliminate or minimize future occurrences.

Copies of all frilure analyses and reports will be made available to JPL for
information and review. Workmanship deficiencies will be analyzed, documented,
and monitored by Quality Control.

4. RCA FABRICATED ARTICLES

This portion of the report outlines a quality control program to ensure that during
the manufacturing phase the quality inherent in the design of the article is maintained.

a. Inspections and Tests

Inspections and tests will be performed in accordance with a prepared sect of
manufacturing and assembly flow clurts and appropriate test procedures, respectively,
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(1) Manufacturing and Assembly Flow Charts. [low charts will be prepared for
cach subassembly, assembly, subsystem, and final system. Preparation of these
flow charts will be based on a comprehensive study of:

(1) the articles to be manufactured,
(b) the fabrication and processing operations,
(c) system and hardware requirements, and

(d) special assembly or integration techmque as may be required by the
peculiarities of the system,

These flow charts w111 show a step-by-step manufacturing and test flow program,
such as wiring, mounting of components, assembling of boards into "black boxes",

electrical bench tests, environmental tests, and performance tests, along with the
required quality nnnfrnl gtations and enrvpﬂ]smmu points, These charts will be pre-

pared in COR]UIICIIOTI with engineering, ma.nufacturmg, and other appropriate funcuons
to assure their adequacy and completeness. Distribution of these charts will be under
the cognizance of Quality Control to insure timely implementation of all quality
provisions.

(2) Inspection Procedures. Detailed inspection procedures will be prepared by the
Quality Control activity and distributed to all inspection personnel. These procedures
‘ will include such information as:

(a) identification of the article,

(b) objective of the inspection,

(c) any measuring device‘ needed to performlthe inspection,

(d) detailed operations to be performed by the inspector,

(¢) exact method of inspecting or measuring,

(f) conditions to be maintained during inspection and precautions to be observed,
(g) criteria for determining conformance or rejection of the article,

(h) values or characteristics to be observed, and

(i) tolerances and limits under which the characteristics or values being
examined may be considered acceptable.

(3) Test Procedures. Test procedures will be prepared by responsible engineering
activities and contain information similar to those listed in (a) through (i) above.

All tests performed will be under the surveillance of Quality Control to assure proper
performance. Data and results of these tests will be analyzed and certified by
Quality Control.
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(1) Inspection Performance. Inspections, as indicated on the manufacturing flow
charts, will be performed by qualified inspectors or other appropriate Quulity Control
personnel and will insure that all articles are manufactured and assembled in con-
formance to designated workmanship standards. "

(3) End-Item Test Plan. An End-Item Test Plan will be prepared and submitted to
JPL for approval. Such a plan will provide:

(a) a technical description of the svstem and its components,

(by the parameters to be inspected and tested on each unit and final system,
(c) the values and tolerances of these parameters, and

(d) the sequence of tests.

Final tests will be designed to verify performance under conditions which will
simulate end-use to the highest practicable degree. 'T'he severily, duration, uand
number of such tests will be dictated by the conditions and environments under which
the system will be required to perform.

(6) Final Inspections.  Final inspections will be performed in accordance with a
prepared set of procedures, and will provide sufficient assurance that quality
characteristics have been incorporated in the design and manufacture of the article to
assure reliable operation. Prior to implementation, final inspection procedures will
be submitted to JP1. for approval.

(7) Data. Data and results of final tests and inspection will be documented and
certitied by Quality Control regarding accuracy and completeness.

(*) Modifications After Final Tests and Inspection. Any modifications or repairs

after final tosts and inspection will e re-inspected and re-tested, as may be required,
to 4 degree jointly determined by JPL and RCA. \

h. Tabrication Controls

(1) Tooling and Fubrication Equipment. Any tooling or fixtures used in fabrication

procosses will be ¢iceked for initial accvracy, and sieh accuracy will be periodically

veritied, as dcem =i ° ccessary, by critical tolerdgnee requirements,
(2) Material © .. ... Through v the panufacturing evele, the identity of muterials
and articles ill be maintaired to noth marking of the items and appropriate records.

(%) Clean_\reas. Articles whose performance may be degraded by contamination
will be fabricated in controlled clean areus.
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5. NON-CONFORMING MATERIAL
a. Control

Non-conforming material will be clearly marked, removed from production
operations, and subjected to review by competent, authorized personnel for evaluation,
disposition, and corrective action,

b. Material Review Board

A Material Review Board will be set up, consisting of the Quality Control Manager,

Engineering Project Manager, and the JPL Representative. This board will be vested

with authority to accept or reject discrepant material, and to prescribe any other
intermediate course of action.

c. Disposition

Generally, non-conforming material will be disposed of in one of the following
Wﬂys: .

(1) Material Containing Deviations. Material containing deviations will not be
delivered unless specifically authorized by JPL. If for any reason RCA
believes that material containing deviations can be utilized, request for
approval of its use will be made to JPL. ’

(2) Material Containing Variations, By means of the review system, RCA will
be responsible for control of all variations found during the inspection or
test of parts, components, subassemblies, or completed equipment.
Material containing variations will be disposed of in one of the following ways:

(2) Reject Control. If the MRB determines that the material is unacceptable
for use and is not economically repairable, this material will be clearly
marked as such, diverted from normal channels, and not offered for
acceptance or delivered for acceptable material,

(o) Completed or Repaired Material. Where feasible, and with MRB con-
currence, material may be completed or repaired, re-inspected and,
if the required sanction has been granted, thereafter handled as
acceptable material.

() Use "As Is". I the variation, as originally discovered or resulting from
repair, is of such a nature that in the board's unanimous opinion it cannot
have a detrimental effect on the performance, reliability, safety, or
mission of the equipment, the board may authorize further processing
and shipment of the material with the variation present. In such cases,

a report of the review action will be prepared and submitted to JPL.
This report will contain the following information:

1) Quantity affected,

2) TReason for variation,
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3) Justification for acceptance,
4) Corrective action taken to prevent recurrence of variation, and A‘_,.
5) Cut-in point of corrective action. ¢
6. QUALITY CONTROL DOCUMENTATION
In-plant records will be maintained by Quality Control in five distinct areas:
(1) Purchased Material Inspection, |
(2) Fabrication,
(3) Printed boérd assembly,
(4) Equipment Assembly and Test, and
(6) Packing and Shipping

The forms used for quality documentation of the above listed arcas will be briefly
described below,

a. Purchased Material Inspection
(1) Performance Record. The Performance Record contains a complete history of

. . . . e \ . . .
all incoming inspections performed on a specific part number; one is maintained for
each part number inspected.

(2) P.M.I Data Card. A Parts Material Inspection Data Card is completed for each
lot of material inspected, and serves as a performance record for each lot.

(3) Receiving Sheet. The reverse side of this sheet is completed, containing
sufficient information for material reviews. .

(4) Material Discrepancy Report. This is the official form for returning discrepant
material to a supplier. -

(5) Inferior Quality Report. This report is used to notify a supplier that discrepant
material has been delivered to RCA, and, although material is not being returned,
corrective action is required to prevent recurrence of discrepancy.

b. Printed Circuit Assembly and Test

(1) Printed Circuit Inspection Report  This report is used to document inspection
operations in Printed Circuit Manufacturing. ‘

(2) Printed Circuit Test Card, The PCT card is used by Production and Quality
Control to record test results of all printed boards.
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c. Assembly and Test Quality Control

(1) Unit Performance Record - This is a three-part form used to record all defects
and failures found during assembly, inspection, and test.

(2) Printed Circuit Analysis Tag - This is a tag attached to every printed board that
is replaced due to failure.

(3) Reliability Forms - A total of seven reliahility forms are used by Qualit Control;
! Y J 3 Yy ’
U’l(‘y are:

1) Failure Report,
2) Equipment Repair sheet,
3) Log of Failures,
4) Failed Part Summary,
5) Failure Tag,
6) Equipment Longevity Log, and
7) AGREE Tag.
‘ d. Fabrication

(1) Parts Historical Record - This form is used as a performance record for all
parts numbered that are manufactured by the fabrication plant.

(2) Parts Quality Control Daily Record - This record is completed daily by each
inspector to indicate what lots have been rejected and what the rejection reasons were,

(3) Final Inspection Report - The FIR form is used to furnish a complete record of
all lots that each inspector has checked each day.

(4) In-Process Tag - This is used to move material step-by-stiep in fabrication or
assembly from operation to operation,

(5) First Piece Tag - These tags are used for first pieces coming off machines or
from assembly operations.

(6) Approved Tags - These tags verify Quality Control approval for completed,
finished good parts or assemblies going in stock, to the customer, or for spare parts.

(7) Quality Control Complaint Report - This form is used to report discrepancies
found by Quality Control on material shipped from one department to another.

(8) Quality Action Notice - The QAN form is used to bring to the attention of
responsible supervision that some quality characteristic in his area is out of control
. and requires correction.
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(9) Quality Centrol Hold Notice - Thix hold notice is used to inform responsible
supervision that a quality hold has been placed in his area due to repetitive
discrepancies.

e. Packing and Shipping

(1) Quality Control Inspection Report - The QCIR form is used by Quality Control
shipping inspection to record its findings during inspection of items ready for
shipment,

7. INSPECTION, MEASURING AND TEST PQUIPMENT

RCA presently provides for the maintenance, evaluation, and control of all in=
spection standards, gages, measuring, and test equipment in order to provide
valid measure of conIorm’mc to specitication, drawing, and contractual requirements,
This work is performed by the Measurement Lngmgerm‘r Ldboratorv ('\IFI) and other
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and maintenance requirements of Mil-Q-9858 and other applicable Government
requirements,

a. Measurcement Engineering Labhoratory

The MEL maintains Primary Reference Standards used in the calibrat.on of
Transfer Standards from all other calibration activities throughout the AED division.

‘ (1) Calibration Laboratory - The Calibration Laboratorv formulates and muintains

control of the following:

(a)  Secondary Reference Standards,
(by Transfer Standards,
(¢) Measuring and Test Equipment,
(d) Calibration Frequency,
() Out-of-Service Equipment, -
() Equipment Status form,
(g) Interim Calibration, and
(h) Guages, Tools, and Fixtures of special design,
b. Procedure

The individual calibration laboratories of the various activities of AED act.in
accordance with:
1) Quality Control Manual procedures

‘ (2) Calibration Laboratory proccdures
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(3) Government procedures

(4) Approved Manufacturer's procedures

(5) Documented speéit’ications for gages, tools, and fixtures of special design.
c. Reference Standards

Refercence Standards will be used for calibruiion of transfer standards and for
cross-check purposes only. These standards will be maintained in good condition and
periodically certified or calibrated by an approved Governnicnt laboratory. Calibra-
tion and certification reports will be kept on file. A history card will be maintained
in the master file.

(1) Transfer Standards - Transfer Standards will be maintained and calibrated by
MEL, with the use of certified Reference Standards. A periodic cyde of calibration
will be based on Government specifications, monthly schedule and/or amount of usage.
Records of calibration data will be kept on file in the MEL. Transfer standards will
be labeled with decals, indicating date of calibration, next calibration due date, and
transfer standard identification. A history card will be maintained in the master file
for recall purposes.

(2) Measuring Equipment - Periodic calibration of measuring and test equipments
will be performed according to calibration procedures and against properly calibrated
transfer standards. Ilistory cards indicating initial and subsequent calibration results,
inspector's initials, and date of culibration will be maintained in the master files.
These equipments will also be labeled with decals, showi mg date of calibration and

next calibration due date.

(3) Out-of-Service Equipment - Obsolete or out-of-service equipment will be
properly identified by a "Warning' tag and stored in appropriate areas to prevent
unauthorized or accidental use.

(4) Equipment Status Forms - The followirg forms will be used to control various
phases of the calibration effort:

(a) 'Gage Control Record - used to record all the pertinent data of mechanical
equipments, for initial and subsequent submittals.

(b) Color Code System - used to indicate the year, month, week and day of
recalibration.

(¢) Reccall Notice Form - used to notify cognizant groups that specific items are
due for calibration, Copies of this notice will be forwarded to the Quality
Control activity so that adherence of the cognizant groups to calibration
schedules can be monitored.

(d) Rejection Notice Form - used to notify cognizant groups that the rejected
items should be repaired or replaced.
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() Tabel Identification System - used to indicate date calibration performed and/
or calibration due date, and Transter Standard identification.
<
o .
(f) Warning Tag - used to inactivate delinquent equipment and to segregate
infrequently used equipment with notification of calibration before use.

. MASTER PROGRAM PLAN

Effort on the Master Program Plan was preliminary and conceptual in nature.
Development of an actual plan requires final definition of the overall design configura-
tion and had just been started at the time of contract termination.

The concept of the Master Program Plan centered around two basic techniques:
the work structure breakdown, and the PERT network, This concept provides the
benetits of PERT planning, and also insures u systematic breakdown of work, The
work breakdown defines assignments and responsibilities clearly, and provides the
wotrk structurc required for subscquent application of a PERT/CQST program.

The first step in generating a Master Program Plan is to develop the work struc-
ture breuikdown and, having done this, use it as the framework for PERT network
analysis and shop order cost-collection and control system. At the time of contract
termination, preparation of the work structure breakdown was in process. The
over-all Lunar Orbiter Capsule program structurce at RCA was broken down into
organizutional "black boxes", such as the Capsule, Program Management, Support
Equipment, and Support Personnel. Each of these was further broken down, Program
Management, for instance, was subdivided into system analysis and design, reliability
documentation, and program control. The Capsule was broken down into the TV
subsystem, telecommunication, attitude control, structure, power supply, system
integration, and retro-propulsion. This breakdown continued down to the level of
modulators, multiplexers, amplifiers, etc. As the particular breakdowns were
agreed upon, responsibility was to be assigned, by name, to each listing or box on
the chart,

Upon completion of the work structure hreakdown, a state never afttained, PERT
networks were to he prepared for each subsystem and for the system integration.
The networks were to be prepared under the direction of the engineer responsible for
the subsystem, with each activity assigned to a specific person. Integration of the
individual networks and any resultant re-planning, using a computer and the PERT
program, would have yielded the over-ull plan for the Lunar Orbiter Capsule.
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Section 4 ,
FAILURE MODE AND RELIABILITY ANALYSIS

A. SCOPE OF ANALYSIS

nar Orbhiter Capsule Study Phase 11, comprised

n
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(1). Development of a Mathematical Model
(2) Reliability Analysis and Prediction
() Fuailure Effects Analysis

(4) Development of a Reliability Program for the Design, Development, and
Fabrication Phases.

B. MATHEMATICAL MODEL

A reliability mathematical model, {rom which the probability of a successful
mission may be determined, was developed for those systems for which sufficient in-
formation was available, Reliability block diagrams have been prepared for the TV
Camera and Transmitter, Tape Recorder, Transponder, and Attitude Control systems.
Insufficient data was available to prepare the reliability diagrams of the Power Supply,
Telemetry, and Control systems.

The block diagrams of the Reliability Mathematical Model for each subsystem
can not be interpreted as signal flow diagrams. They show those component assem-
blies or subsystems which must operate properly during the mission to provide the
required information at the subsystem interface or to the earth. For example, the
transmitter power supply is not in the signal flow path. It is, however, a required
clement for proper continuous operation of the transmitter. Hence, it is properly
considered a series element in the subsystem model. The same reasoning applies to
the Solar or Nuclear Power Supplies as series items in the overall system.

A detailed analysis of all subsystems will not be given here. An analysis of the
TV Svstem will be presented as a representative example,

The TV system may be operated in either of two modes, remote or direct map-
ping. The direct mapping mode does not utilize the Tape Recorder unit. This mode
would be used infrequently because mapping and transmission of the video informa-
tion in this mode must be accomplished simultaneously. It cannot, therefore, be
considered an alternate or redundant method because of orbital and transmission
considerations.

1.4-1



Ignoring the camera reliability for the moment, it is seen from Figure 1. 4.B-1
that the probability of survival (Ppy) of the TV system in the remote mapping mode
may be written as: ,

P =P P P
TV p TR XM
Pci
CAMERA
1
CAMERA TAPE
PROGRAM ~® RECORDER TRANSMITTER
CAMERA
2 Pp Pygr PX“
Fe2

Prvp * PeitPcz “feiPe2! Pp Prr Pxu
= (2Pc-Pc?) Pp Prp Py (IDENTICAL CAMERA)
Figure I.4.B-1. TV Subsystem Reliability Diagram (Remote Mapping)

Cameras 1 and 2 are not redundant because their fields of view differ in extent.
There are four possible operating conditions for the two identical cameras.

Pcl = Probability that camera 1 operates for the entire mission
P02 = Probability that camera 2 operates for the entire mission
Pcl pCZ = Probability that both cameras operate for the entire mission.

(PC1 + PCZ - PC1 PC2) = Probab.ility that at least one camera will operate for
the entire mission.

The mission can be considered partially successful if one camera survives.
Utilizing the above relations, the probability of survival of the TV system with one
surviving camera may be expressed as:

_ 2 _ 52
P = (2P_-P_ ) Pp, = 2P,-P ) P

TV, p PR Pxm

Similar analyses for the Tape Recorder, TV Transmitter and the Attitude Con-
trol System have been performed with the results indicated in Figures L. 4. B-3
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through I, 4.B-6. An analysis of the TV system in the direct mapping mode has been
included (Figure 1. 4. B-2) to complete the set.

The probability of survival of the entire system is the combined product of the
probabilities of survival of the individual sybsystems. The prime mission of the
LOC isthe TV Mapping; the ranging mission is secondary. The final probability of
survival, therefore, could have been expressed in several forms, such as

(1) Survival of the TV system and the necessary auxiliary subsystems,

(2) Survival of the TV and Ranging systems together with the auxiliary sub-
systems, and

(3) Survival of the Ranging and auxiliary subsystems., Together, these would
allow better system analysis and comparison.

Pei
CAMERA
I
CAMERA
procRAM || TRANSMITTER
CAMERA
: Pp P
Fez
Prva® PertPea~faPc2) Pp Pxm

. 2
=(2Pc-Pcc) Pp Pyy (IDENTICAL CAMERAS)

Figure 1.4.B-2. TV Subsystem Reliability Diagram (Direct Mapping)

] [}
FM pRIVE TAPE TRANSPORT| MOTOR PLAY | X2 | FM
MODULATOR|  |AMPLIFIER MAGNETIC HEADS | INVERTOR B | MuLT | DEMOD
1 1
P Po Pr Pp

Prr = Pm Fo PrPp

Figure 1. 4.B-3. Tape Recorder Reliability Diagram

FM MULTIPLIERS '“Tig';f:[:‘“ POWER POF:NFER
T . —»
MODULATOR xiz | xa AMPLIFIER SUPPLY ouTPUT
Pa Pa Pc Pp Pe

Pxmz Fa PgPc Pp Pg
Figure I.4.B-4. TV Transmitter Reliability Diagram
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Pa Pt
R RAT l
ROLL oLt E

CHOPPER AMPL IFIER
DEMODULATOR

6RO £y b . .
CHANNEL L o 4 oa”cuuz "
» TRIGGER SOLENOID| TUBING
x CIRCUIT[ ™ © VALVE -/
2 - AXtS [\ NozzLe :
HOR1ZON —e > !
SCANNER T ‘/ CHOPPER AMPLIFIER P2 |
DEMODULAYOR 1
R
l
VARIABLE |
GAIN|Po P |
COMMAND |
|
. |
R
c3 1 p'
YAW YAW RATE X
CHANNEL GYRO { JREGULATOR
[
]
-y PRESSURE _/
TRANSDUCER
| GROUND
Pos |
™~ ,
| !
J !
L : ‘
P E— R |
Pa v6 \ )
PITCH PITCH RATE o 1 |
CHANNEL GYRO 0oL 3 '
L T3 |
BIAS BY . e
GROUND ALL ELEMENTS ARE REQUIRED
. 6p4p3p3p6
COMMAND pA‘%Pn pcpap'P'%p.g“pnpo

Figure 1,4, B-5. Attitude Stabilization Reliability Diagram (Mapping Phase)

Py

HORIZON SCANNER P s b P PP BE PP P
(NON ROTATING) ASy bc d e t M hZn Kk

TO GROUND
GAS
STORAGE
P Pa \NOZZLE
DIGITAL SOLENOID 1 y Pm
SOLAR TRIGGER 1 13 ALV o
AaSPECT 2 ! vaLvE ! i
' SENSOR COUBLE Py ¢
i REGULATOR
TIMER PULSE (NOT REDUNDANT} fadnd VALVYE
TRIGGER P ) BEE—
h2 1 [
COWNARD — SOLENOID | ! )
L -
Py —* HOLD VALVE
' R
(RECEIVER] NOZZLE
P

Figure 1.4.B-6. Attitude Stabilization Reliability Diagram (Post-Mapping
Phase, Erection of Spin Axis)
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C. RELIABILITY ANALYSIS AND PREDICTION

The camera, TV transmitter, transponder, and tape recorder units for the
Lunar Orbiter Capsule were expected to be modified versions of existing equipments.
A parts complexity analysis was carried out for the camera, transponder, and tape
recorder as information became available. Because the parts analysis data was
readily available for the modified TV transmitter, the probability of'its sufvival was
calculated. The reliability of this component is 0.988 for an operating time of 50
hours for the first 30 days in orbit.

The balance of the subsystems elements were not completely defined. Therefore,
the parts complexity analysis could only have given an estimate based on similar
systems, components, and circuits. This was considered inadequate for this report.

The reliability analysis and prediction, when completed, woulci indicate which
subsystems and components required the greatest design effort within the established
time limits.

No definite reliability goal was established for this study and, therefore, no
allocation of reliability was made for the various subsystems.

D. FAILURE EFFECTS ANALYSIS

. Failure effects analysis is a procedure for systematically examining all the modes
of failure of an equipment. This procedure is designed to uncover any reliability
problem areas and to direct attention to them. The analysis is performed at the
system, subsystem, and circuit levels as the work progresses through the various
phases of study, design, and development.

The failure effects analysis of this study was performed at the black box level,
assuming a catastrophic failure of some element such as Vidicon open filament,
jammed shutter, major component degradation or failure, and loss of signal. Be-

~ cause of the nature of the failure modes considered, the consequences of the failure
were catastrophic in the majority of the cases. The results of the failure effects
analyses on the subsystems of the TV cameras, Tape Recorder, TV Transmitter and
the Attitude Control System are tabulated in Table I.4.D-1.

The results shown in Table I. 4. D-1 may be misleading unless the probability of
occurrence of each failure mode is considered. The probability of occurrence
(column 6 of the tables) was not tabulated during this period. The relative reliability
risk is the product of the probability of occurrence and the degree of degradation re-
sulting from the failure mode. A comparison of the relative reliability risks quickly
reveals the failure modes requiring further design effort to minimize the possibility
of failure,

This method of analysis is very effective, although the degree of degradation and
probability of occurrence of the failure mode may be a rough estimate. When con-
cientiously applied within the framework of the program design limitations, the max-

. imum design reliability may be achieved at the system and circuit levels.
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E. RELIABILITY PROGRAM FOR LOC DESIGN AND DEVELOPMENT
1. INTRODUCTION

The degree of reliability is an inherent characteristic of an electronic system
acquired at the time of concept formulation and design commitment. Because the
rcliability is established by the equipment design, it can be improved only by design
changes. After the design is established it can only be degraded by poor quality con-
trol, parts selection, and fabrication techniques. To minimize and eliminate this
degradation, a continuous reliability analysis program must run concurrent with
system planning, development and fabrication. Through constant monitoring and
analysis, immediate corrective action can and must be instituted, when design and
component defects are indicated, to minimize all designed-in or fabricated
reliability risks.

The following paragraphs outline a reliability program for the Lunar Orbit
> design and development phases,

2. MISSION ANALYSIS

The mission goals will be established to determine the reliability requirements
for a successful mission. The establishment of these goals is necessary so as to
permit differentiating between items essential to the mission success and those
ancillary items which have various degrees of effect on the mission quality. For
‘ example, in the LOC mission the transmission of the TV pictures is of prime im-
portance, the ranging experiment and telemetry are secondary. The essential items,
therefore, are the TV system, power supplies. attitude control, and command systems.

A study of the mission profile will be made to analyze the environmental and
operational conditions encountered by each subsystem during each phase of the equip-
ment life. These phases shall include manufacturing and acceptance testing, storage,
and testing prior to and after mating with the launch vehicle, launching into orbit,
orbital flight, and thermal environments. The effects of the various inputs, outputs,
and duty cycles in the various environments to be encountered will be investigated.

3. DESIGN REVIEWS AND ANALYSES

The purpose of the design review is to bring to bear on each design the cumulative
knowledge of personnel having extensive prior experience on all facets of the design.
This procedure serves to minimize error, to assure a more reliable and producible
end product, to determine that the best approaches are being used in meeting design
objective, and, by evaluation, to assure that the design objectives are truly being
realized.

The design review board notes and records all deficiencies and needed improve-
ments in the equipment design. The recommendations of the design review board
become action items, notices of which together with the minutes of the design
review are circulated promptly (within 5 days) to all cognizant personnel. The
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Engineering Product Assurance office is responsible for follow-up on the action items
to scc that they arc implemented as soon as possible. These actions are followed for
all design reviews,

For LOC, a minimum of three design reviews for each system will be held. They
will be as follows:

a. Preliminary Review

The preliminary review will be held during the planning stage before any exten-
sive breadboarding is started. (Breadboarding for feasibility studies may be per-
formed.) This design rceview will be held to evaluate the design approach(es) re-
quired to meet the applicable specifications. The results of the feasibility studies
will also be considered at this time. An outline of the design review plan for the
subsequent design program will be developed at this time and distributed to all cog-
nizant personnel. The extent of required redundancy and a preliminary analysis of
weight, performance, and configuration will result from this review.’

b. Major Review

This review will be conducted at the completion of the breadboard testing stage
and prior to fabrication. This is the most important review. It presents the best
opportunity to initiate any required major rework and specification revisions before
the fabrication of the prototype or engineering proof test models. The use of standard
and approved components, and specification and test data for special components,
together with other circuit details, such as specifications for inputs and outputs,
will be reviewed. Emphasis will be placed on meeting all reliability objectives.
Consideration will also be given to weight, power, configuration control, installation,
operation and testing, producibility, interchange ability of similar units, and like
attributes.

Additional design reviews will be held as required or requested by the design and
reliability personnel.

c. Final Review

The final review will be held after the completion of the engiueering model, or
prototype system or subsystem testing as applicable. Any difficulties encountered
when using the equipment in the system will be highlighted. It will review all circuit
(including mechanical and thermal) changes or problems introduced or encountered
subsequent to the Major design review, and any required revisions of the test and
performance specifications for successful system operation. This review will also
consider weight, power, configuration, etc. The primary goal will be to obtain an
overall view of the performance expected during the production cycle, preflight
testing, and mission performance.

I.4-17
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4. RELIABILITY AND QUALITY CONTROL

a. Parts Selection, Evaluation, uand Control
)’

The starting point for incorporating reliability into system design is at the com-
ponent parts level, The selected parts should be capable of meeting electrical and
environmental requirements, and have reliability characteristics consistent with the
design goals. Parts will be selected on the basis of performance data from use in
prior systems with similar characteristics; or as a result of laboratory evaluations
to establish the failure rate. :

In the LOC program there may be a nced for component parts of a new design for
which little or no performance data will be available within the time limitations of the
program. The application of such parts will be carefully evaluated and, if of a special
design, the specifications for the part will be carcfully detailed to avoid reliability
risks. Detailed specifications for aging, preconditioning, and stabilization of com-
ponents wiil be provided.

Improper application of a ""good" part degrades equipment reliability as much as
the proper application of a "poor" part. An adequate reliahility effort, theretore,
includes the study and control of part selection and application, parts specification,
and verfication of standard electrical parts and approved non-standard parts.

b. Subcontractor and Vendor Control

A subcontractor and vendor survey team composed of line personnel from the
Purchasing, Engineering, Reliability, and Quality Control groups will select
suppliers and determine the reliability and quality control capabilities and the
suitability of the supplier prior to the award of any purchase order. The reliability
and quality control requirements will be delineated in detailed specifications such as
the RCA-AED Specifications 1171810 and 1171811,

c. Inspection and Testing ’ .

All incoming material will be 100 percent inspected to satisfy the extremely
critical requirements of a satcllite system. Electrical as well as physical inspection
standards will be established. The vendors and subcontractors will be required to
institute programs similar to those of RCA.

The screening of aged or stabilized components to remove potential early failure
will be performed by the inspection group in accord with established specifications
for each part type.

Quality Control will establish material flow charts which indicate the assembly,
inspection, and testing sequence of operations, The testing will be performed in
accordance with detailed test specifications devised by Engineering. Records of
inspection and tests results will be maintained in a log book.

1.4-18
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5. MONITORING AND FAILURE REPORTING

The purpose of monitoring and failure reporting is to uncover failure patterns,
parts weaknesses, poor vendor quality control, and ineffectual inspection or test
procedures. From an analysis of such deficiencies, Engineering Product Assurance
is enabled to make recommendations for improvement.

To furnish a strong basis for continuing reliability improvement throughout all
fabrication phases, all tests will be monitored and all malfunctions recorded in
equipment logs. The failurc reporting program will include evaluation and analysis
of all malfunctions and associated failed parts. The failures will be categorized and
the necessary corrective action instituted.

The Failure Anmalysis Report will provide a complete and readily accessible sum-
mary of the evalation of the malfunction. It will make possible the determination of
"trouble" areas and the necessary corrective action.

The Engineering Product Assurance office will be responsible for completing the
reports and having the associated failed part(s) analyzed by the vendor if an amalysis
is deemed necessary. Recommendations for corrective action based on the results
of the analysis will be made and implemented through the cognizant project area to
remove the reliability risk.

6. RELIABILITY ANALYSIS AND PREDICTION
a. Development of a Mathematical Model

During the study and design phases of a subsystem, close contact will be
maintained between the reliability engineer and the responsible engineering groups
in order to develop a reliability block diagram as soon as possible. The block
diagram will be updated as changes are made. As the reliability diagrams are
defined, a set of equations will be formulated into the system and subsystem
mathematical model. The mathematical model together with the reliability analysis
and failure effects analysis will enable the system effectiveness to be evaluated for
all possible mission profiles,

The reliability diagrams will be functional diagrams identifying all system
components and indicating the flow of operational information. Operational modes
and system functions will be described. Redundant components and/or channels will
be identified and all series and parallel paths described. The diagrams and
corresponding mathematical equations constitute essentially a dynamic model of the
system. If the system is changed the mathematical model is no longer valid,

b. Reliability Prediction .
A preliminary reliability estimate based on parts complexity will be performed
as a parallel effort with the development of the Reliability Block Diagram. Where

the parts complexity is known or can be estimated with reasonable accuracy, the
reliability estimate reveals trouble areas and becomes a basis for reliability
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allocations and trade-off requirements, A detailed Reliability Stress Analysis and
Prediction will be performed on the basis of the prototype and flight model design
configurations. This analysis will consider the operating parameters and stresses
(electrical, thermal, mechanical and operating modes) of each component in the
determination of its failure rate. The resultant reliability figures are thus direct
functions of the operating conditions to which the prototype and flight models will be
subjected.

c¢. Reliability Demonstration

Reliability evaluation and demonstration is the collection of data from operating
equipment for the purpose of measuring reliability., The data collected during all
phases of testing permit conclusions to be made regarding reliability and con-
stitute a measure of the performance reliability.

A failure analysis program will be carried on simultaneously with the reliability
demonstration and life tests. The total test time for analysis purposes includes both
acceptance and operating life test phases. In the evaluation of the observed tests, a
comparison may be made between the obhserved and calculated mean time between
failures (MTBF). It should be noted, however, that sufficient life data is not
normally available to make a satisfactory statistical comparison concerning the over-

all reliability of the system.

I.4-20



REGEER o g2-¢F7

PART II.



TABLE OF CONTENTS

Section Page
1 INTRODUCTION ... ... .. ... . II.1-1
2 SELENODETIC EXPERIMENT STUDIES . ............. ... II. 2-1

A lntroduction..........................,: ...... II. 2-1
B. Objectives .......... ... .. .. ... ... ... . . 1. 2-2
C. The Physical Model ............. ... .. .. .. """ II. 2-4
D. Coordinate Systems and Representation of Solution. . . . . . . .. I1. 2-9
E. Program Description .................. e .. II. 2-15
3 LUNAR SURFACE SIMULATION STUDIES . .............. . IT. 3-1
A. Objectives .................. ... .. .. . e e e . 3-1
B. Mission Reliability Versus, Lunar Roughness ... ......... II. 3-1
C. Lunar Crater Size Distributions . . .. ........... ... . 1I.3-3
D. Improved Models and Model Photograph. . .. ... .. ... .. .. I1.3-12
E. Photometric Functions of Moon and Models . ... ......... II. 3-15
4 GROWTH POTENTIAL . ............. ... ... ... ... .. II.4-1

A. Advanced Sensors .................... e e e e, II.4-1



Figure
11.2.C-1

IL.
II.
.
1I.

.C~-1

LJ.C.QOJC»J
‘.’
W

.C-4

II.3.E-1

II. 3.

I1.3.E

II. 3.

II.3.E

I1. 3.

11. 4. A-1

I1. 4. A-2

I1.4. A-3

1. 4. A-4

11.4.A-5

I.4. A-6
1I. 4. A-7

ii

LIST OF ILLUSTRATIONS

Cartesian Coordinate Systcm Geometry . . . .. ..

Suggested Distribution of "Primary' Crater Size

Suggested Distribution of all Lunar Craters . . ..
False Droop Inherent in Distribution Counts . . . .
Variations in Lunar Crater Size Distributions with
Type of Terrain .....................
Photometry of Lunar Model, Light 8.6 Degrees
Ahove Horizon .. ....................
Photometry of Lunar Model, Light 31. 2 Degr.
Above Horizon. .. ....... ... ... ......
Photometry of Lunar Model, Light 40.4 Degrees
Above Horizon. . ... ... .. ... ..........
Photometry of Lunar Model, Light 63.6 Degrees
Above Horizon. .. .. ... ... ... .........
Photometry of Lunar Model, Light 74.8 Degrees
Above Horizon. .. .. ..................
Influence of Resolutions on Lunar Photometry ..

Typical Characteristic Curve for RCA Type 4431
Vidicon
Typical Aperture Characteristic Curve for RCA
Type 4431 Vidicon .. ..................
Typical Characteristic Curve for RCA Type 7513
Image Orthicon . . .. ... ... ...........
Typical Characteristic Curve for RCA Type 7198
Image Orthicon . . .. .. ... .. .. ... ......
Typical Aperture Characteristic Curve for RCA
Type 7198 Image Orthicon. .. ............
Dielectric Tape Cross-Sectional View...... ..
Photo Dielectric Tape Camera

------------

REORDER M. 4.0-% 77

---------

---------

.........

.........

---------

ooooooooo

.........

Page
II. 2-6
II. 3-5

11. 3-6
I1. 3-8

I1. 3-10
II. 3-16
II. 3-17
11. 3-17
11. 3-18

1I. 3-18
II. 3-19



RELRUER %0, 5.0 977

LIST OF TABLES

Table ‘ N Page
11.2.E-1 Table of Input Variables . .. . ... ... v uuunmnunnun.. II. 2-16
11. 3. B~1 Landing Probability of Success for Upper and

Lower Bounds on Crater Size (X) .. ... v v ve v, I1.3-2
I1.3.C~-1 Localized Crater Distribution Counts . . .............. II. 3-11
II. 3. E-1 Photometry of Lunar Model . . ... .................. II.3-20
1. 4. A-1 Signal-to-Noise Ratios for Type 4431 Vidicon . . ......... I1.4-3
I1.4.A-2 Vidicon Type 4431 Characteristics (with /1.5 Lens

and 1.67 MSEC Exposure Time) . . . ... v v v v v ewnn.. I1. 4-5
IT. 4. A-3 Comparative Sensitivities of Image Orthicons . .. ........ II. 4-6
1. 4. A~4 Image Orthicon Type 7198 Characteristics (with f/5

Lens and 1.67 MSEC Exposure Time) . .. ... ......... II. 4-11
I1.4. A-5 Dielectric Tape Camera Parameters for Lunar

Orbiter Capsule . ... . ... . ... ... it e, II. 4-15

I1.4. A-6 Typical Signal-to-Noise Characteristics of Dielectric
Tape Camera (with f/1.5 Lens and 30 MSEC
Exposure Time) .. ... ... i ittt ittt e e 1I. 4-16

iti/iv



&tk M, 4,,2 ¢ )7

SECTION 1
INTRODUCTION

Part 11 of this report presents results of those

nao Y'
ts of those portions of the LOCS effor
are not directly concerned with the system integration of a spemflc LOC conflguratlon.

In general, the items discussed here represent studies of ground data-interpretation
techniques and deal with the growth potential capability of the LOC. In the tracking-
data and surface-simulation studies, when the effort was halted, the formative stages
of study were in the process of completion. In the case of the surface-simulation
studies, effort has continued under RCA funding, and the results are included herein
for completeness.,

In the section on advanced sensors, an over-all increase in system capability has
been assumed. A second mid-course correction for the Ranger bus has been assumed,
thereby permitting the sclection of a lower orbital altitude (100 km). An increase in
communication bandwidth (based upon nominal advances in the state-of-the-art) also is
assumed. For this report, a 120-kc bandwidth is used.

One parameter for advanced capability has not been fully explored with regard to
LOC growth potential. The injected weight for lunar payloads with an increased Agena
capability is approximately 900 pounds (as opposed to 825 pounds assumed in Part I of
this report). Unfortunately, an evaluation of the effects of increased payload weight
on system performance capabilities were not investigated. It is anticipated that the
RCA photo-dielectric sensor system described in Part II could take advantage of this
increcase in weight to permit more flexible system performance than described in the
present report.

' 1I.1-1/T.1-2



Section 2

SELENODETIC EXPERIMENT STUDIES

4
A. INTRODUCTION *

The success of both the television and geodetic missions of the lunar orbiter de-
pends upon the extraction of information from range-rage d‘lt:l ;Ihf‘r‘p is some differ-
ence of opinion in the literature with regard to how mdeh”information is actually con-
tained in a range-rate time history of doppler tracking. From the purely theoretical
point of view, range rate is a one-valued function of the orbital parameters, such
that a unique orbit is defined by a time history. One method of processing doppler
data uses the information which can be obtained from portions of the doppler curve;
accuracy would be achieved by using a sufficiently large number of doppler curves,

On the other hand, another point of view claims that the doppler method is inherently
capable of such accuracy that even a single doppler curve, if all of it is used, con-
tains implicitly not only the orbital parameters but also the effects of the various
perturbations (e.g., earth oblateness, or even triaxiality, and lunar-solar perturbations)
when applied to earth satellites, There is the clear implication that similar statements
would be applicable to a lunar satellite, Moreover, if this latter view is the correct
one, the reduction of doppler data by a method which docs not explicitly take into
account these perturbations would lead to errors of larger magnitude than those inherent
in the doppler method of tracking, The correctness of one view or the other has not
been demonstrated, It still remains to examine the kind of data to be received [rom the
practical point of view of effectively obtaining from the doppler curve the data which

the theory tells us it contains.

The development of satisfuctory data reduction techniques for the range-rate data
to be received from the lunar orbiter evidently requires a suitable source of simulated
data. Such simulated data has now become available in the form of a digital computer
progiram (described in Section 2, E) which is capable of simulating all the perturbative
effects which seem likely to produce a significant influence upon the data, including
arbitrary modifications of them, The program also permits inclusion of simulated
motioa of the observer, or arbitrary modifications of it. Consequently, it is now possi-
ble to make reasonably trustworthy estimates of the effects of these various influences
upon the range-rate historics and to provide the means of makipg realistic tests of the
extent to which the information may be extracted from the time historics by the methods
available. The motive for preparing this computer program was precisely this need for
suitable data simulation, .

It may be recalled that the computational method used in the program is the method
of variation of parameters. This method was selected because of the direct manner in
which it reflects the effects of the various physical factors involved in the determination
of the actual trajectory. Moreover, the system of paramcters chosen to represent the
osculating orbits was one which would be free of the singularities which would impair
computations with the traditional parameters and which would be valid for any motion of
the widely aberrant orbits. Since most orbits will actually be nearly circular, a modifi-
cation of the variation-of-parameters portion of the program was to be introduced which
was to make the integration more rapid and use longer intcgration intervals,

11, 2-1
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‘ . It should be remarked that the program has been checked against results furnished
by the Jet Propulsion Laboratory. The entire set of planned checks had not yet been
completed at the termination of the study. So far, it has been found that the values of
the orbital parameters and their variations as obtained from the two programs with the
same, or nearly the same, initial conditions are comparable, with comparable, or per-
haps somewhat longer, integration intervals for the RCA program (one which is not
definitively settled). On the other hand, it is reasonable to expect that, when the indi-
cated modifications are introduced into the program, appreciably longer integration
intervals should become feasible. Another check of the program was also planned;
namely, to use the program to integrate a path which can be obtaiged analyticaily and
which would not be seriously unlike the actual trajectory of interest in the lunar orbiter
project.

Because one of the study objectives was to predict the long-term behavior of lunar
orbits of a specified range, consideration was given to computing such results, Neither
the JPL nor the RCA program was entirely suitable, since both compute all short-
period effects and require many relatively short integration steps. On the other hand,
this application requires a method of computation which gives the evolution of the orbit
over celatively long periods of time, without special reguard for the position of the
orbiter within the orbit at any specific time. A scheme which averages out the short-
period oscillations is therefore indicated, and two such schemes were contemplated,
the methods of Krylov-Bogoliubov and Halphen-Goriachev, Of the two, the latter seems
to bhe the more promising and would allow the longer integration intervals, A selection
between the two had not been made by the termination of the study period, but one of the
methods would have to be embodied in the RCA program to provide the essential long-

. term estimates,

The final question to be discussed in this context is that of determination of the co-
efficicnts ih the potential function of the moon. Two classes of approach to this problem
are avaiiable, One method would be to predict the evolution of orbits over extended
periods. The data from actual orbits would be compared with the predicted simulated
date for those orhits, the diserepancies being assumed to be assignable to the errors ih
assumed values for the coefficients J and L, and thus furnishing corrections., Naturally,
this approach is contingent upon the possession ol methods’of determining individual
orbits from the data obtained from single (or very few) passes of the lunar satelite, The
alternative method is to attempt to determine these constants from the doppler curve of
1 single pass and then, having done so separately for many passes, to combine the re-
sults te arrive at some sort of best estimate, This is the phase of the work which had
just begun at the time of project termination,

B. OBJECTIVES

The lunar-satellite trajectory program for the IBM 7090 computer was written as
part of o study of the motion of & sutellite of the moon, and its structure and procedures
must be interpreted only in terms of the requirements which caused it to be written,

The emphasis was never upon maximum speed or efficiency, but rather upon the greatest
possible degree of flexibility and adaptability, as well as easc of programming and de-
bugging. Even though the envisaged study program did not run its anticipated course,
the computer program nevertheless reached the stage where it has become an adequate

1, 2-2
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tool for much of the study originally planned. It is so readily modifiable that it is
rather widely applicable to satellite studies; in addition, its speed of computation is
satisfactory, rcquiring on the average about 0.5 second per integration step,

The lunar satellite study imposed a number of rather unrelated requirements, It
seemed desirable, especially during the earlier stages of the study, to be able to make
rclatively long-term estimates of orbital changes under a considerable range of injection
conditions in order to estimate times of useful TV coverage, vehicle lifetimes, and orbi-
tal stability, The possibility of some sort of propulsive capability was discussed at that
time, with the corollary requirements upon the computer program, The question of orbi~
tal stability under extreme but possible injection conditions would have to be answered,
An investigation was required to determine which orbits would be most or least favorable
for providing data from which the coefficients in the moon's gravitational potential func-
tion could be determined. Finally, it was necessary to be able to produce simulated
radar data for use in the development of the most effective methods of orbit determina-~-
tion from doppler data. This last requirement contained an internal conflict because of
the possible different approaches to the problem of determining the moon's gravitational
potential from doppler observations.

The implications of the various requirements for the program are discussed in the
section on the integration of the equations of motion, At this point, it may be sufficient
to note that the present program uses a method of variation of parameters, with a non-
standard set of orbital parameters which was adopted in order that the program would
be capable of dealing with any orbit that could conceivably arise and be useful in the
lunar orbiter project. This is what was needed by the project as first conceived, and
therefore was the first method to be written for the program, Nevertheless, it was
appreciated from the beginning that the most important class of trajectories to be flown
by the vehicle would be nearly circular and close to the moon, because of the TV aspect
of the mission. For such trajectories, the most convenient orbital parameters are not
those actually used in the present program, but the abbreviation of the project prevented
the inclusion of a method employing a better set.

In its present form, therefore, the program uses a set of orbital parameters which
will remain nonsingular for all useful orbits of the satellite vehicle, and computes by a
method which gives all details of both short-term and long-term perturbative effects, and
consequently requires short integration steps, Comparison with the JPL program shows
that the lunar orbiter program continues to give results even for integration steps that
are so long that the JPL program hecomes unstable. However to achieve close agree-
ment with "good" JPL calculations, integration steps of approximately the same length
have to be taken., These are only tentative conclusions; checks and comparisons are us
yet incomplete, The preliminary checks indicate that, even with relatively unfavorable
orbital parameters, the variation-of-parameters method compares extremely well with
the Encke method in the cases that have been tried, while retaining much broader appli-
cability,

II.2-3



C. THE PHYSICAL MODEL

1. REMARKS ON NOTATION

Because of the many coordinate transformations required, it was convenient to
The computer program reflects
this approach by employing macro-instructions corresponding to the matrix eperations,

The following notational conventions have been adopted:

(@)

Underlined sy mbols always represent inatrices, and symbo
Underlined lower-case Greek or Roman letters de-
Underlined capitals denote square matrices,

lined are always scalars,
note column matrices or vectors,

'carry out the complete analysis in terms of matrices.

nla
10

+
L

ha

na

u

are not under-

All matrices are three-dimensional, and an asterisk (*) denotes the transpose
The symbol for a row vector, therefore,

of the indicated matrix.

cated transpose of a column vector,

is the indi-

The following special matrices occur so frequently that it is convenient to have
special symbols for them:

Pl 0 0
Ay @) ={0 cos v =-sin «
LO sin o cos o
’_cos a 0 sino
_@_2 @) = 0 1 0
-sinae 0 cosco
_cos o -sino 0
é“‘ (o) =|sincw coso 0
0 0

—

;
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1 0 0
L = 0 1 0 ’
0 0 1

O
B

o
N

iy
|
o]

define the matrix

Ug

._1_ .I_3= 0 .
0 1 _
oL
[

If u is any vector, [

0 1 ©
ll3] = -1 0 O
L 0 0 ¢ _J
N, e o . . ok a1/2
Finally, if u is any vector, its magnitude is lul = (u*w’"

2. EQUATIONS OF MOTION

Assume a right-hand orthogonal Cartesian coordinate system having its origin at
the center of mass of the sun, positive '"1" axis directed toward the first of Aries, and
the positive ""3'" axis in the same sense and direction as the angular momentum vector
of the earth with respect to the sun, See Figure II,2,C-1. The space spanned by this
coordinate system may be considered an inertial system. The program is now written
to include in the physical model only the sun, earth, and orbiter (regarded as mass
particles), and the moon (regarded as a rigid body with triaxial mass distribution). The
vectors and symbols used in the formulation are shown in Figure 1L, 2. C-1,

I, 2-5
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Figure I1.2,C-1, Cartesian Coordinate System Geometry

If m is the mass of a particle and k the gaussian constant, then the gravitational
attraction of that particle is conveniently expressed in terms of g = kZ m.,

In this report, the symbols 6, 6, and ’L , used as subscripts, denote the sun,
earth, and moon respectively, With respect to the inertial system (also called the
ecliptic coordinate system),

Yy = position vector of the lunar satellite S,
'X'T = position vector of the moon, and
XG) = position vector of the earth,

Definition of the following vectors is also convenient:

X = Y - yg = position of the lunar satellite relative to the earth,
)_(9 = - XG ’
Y_Yl_ = Xﬁ' - X& 4 and

g

I1.2-6
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zZ=X-m=y - _y:( = position of the lunar satellite relative to the moon,

All vectors above have been considered to be represented with respect to the ecliptic
(inertial) coordinate system, Additional coordinate systems must be defined later in the
formulations,

The equation of motion of the lunar satellite (per unit mass) may be written immed-
iately as follows:

Ho He
Y=-——g ¥t 3 @y ¥ ot
Hyll x|
o,
+ \L Q (YV - V) ]
| _ 1O == =
|Iy( vl .

where dots over a symbol denote differentiation with respect to the time t, and £
that part of the moon's gravitational effect that can be attributed to the tr1ax1a11ty of
the moon's mass distribution,

. Substitute

y=z+y,

¢

and
o.M S r
y - 3 Xq 3 -

Oy [ m]|

assumiug that the mass of the lunar satellite is negligible in its effect upon the motions
of the other bodics, The equation then becomes

. u] ) Ho Mo
z + —5z~=1 - ——— X 4+ m +————3 (m -

I X 2 m X, )
L) Im)® " m-x °

Ho
"‘—"_‘__"3 (5"_750 )’
| X - %]

and this is the equation of motion to be integrated, If the right-hand side is denoted by f,
the equation assumes the abbreviated form

_
® T el

. 2-7
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For a satellite close to the moon, the dominant force is the gravitational attraction
of the moon, and all the remaining forces combined in f are relatively small, It is
reasonable to expect the orbit of a lunar satellite, therefore, to differ only relatively

little from a Kepler ellipse,

Write
i=£JL+f9 + fo
where:
f JL = perturbing force resulting from the non-central gravity field of the moon,
fg9 = perturbing force of the sun, and
fg = perturbing force of the earth,

To make the physical model more precise, it is only necessary to find the appropriate
additional components of the perturbing force £,

3. TYPES OF SOLUTION

The object of the program is to obtain a purely numerical solution of the equations of
motion, since a useful closed-form solution is not available, The numerical aspect of the
. problem (i.e., integration of the differential equations) can be performed by either the
Runge-Kutta method or Milne's predictor-corrector method, at the operator's option, °
The Runge-Kutta option has hitherto been preferred in the checkout runs, but it is anti-
cipated that the greater speed of the Milne method will often render it preferable,

The more important decision to be made concerned the choice of system of equations
to be integrated. The three systems which present themselves constitute the methods
associated with the names: variation of constants, Cowell, and Encke, respectively.
The method of variation of constants was selected for the following reasons.

The lunar orbiter problem imposed the following requirements, It would be neces~
sary to be able to compute orbits for a period of a month or more. Orbits of various
types would have to be considered, ranging from nearly circular orbits through elliptical
orbits cf large eccentricity up to possible hyperbolic escape orbits. At one time, it
appeared that orbits of small inclination might be required, Finally, the program
would have to serve as a simulator of doppler data such as would be received at earth
ground stations from the lunar orbiter,

The Cowell method could have been used, but would have the usual disadvantage of
requiring more integration steps, and it would be uncertain through how long a time the
integration could meaningfully be carried, This would be the more serious problem in
light of the fact that results of the longer calculations were to be used as simulations of
doppler data from which to make inferences about the moon's mass distribution,

The Encke method computes not the trajectory itself, but its departure from a ref-
‘ erence trajectory, thus retaining more significance in the numbers, This offers

il, 2-8
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advantages for trajectories in gravitational fields dominated by the field of a s#igle
body. In terms of the lunar orbiter capsule project, these advantages would be more
than overbalanced by two facts, First, some of the trajectories considered probable
would deviate so appreciably from a reference trajectory that frequent 'rectification'
would be required, thereby nullifying much of the advantage of speed of computation.
Secondly, the doppler curve contains a great deal of information about ti.> orbit, and,
therefore, about the orbital elements. Encke's method, which may be regarded as a
method of variation of coordinates, would be less likely to provide a sufficiently
veridical simulation of the doppler data to the capability of the data processing

techniques adopted for determining the variations in orbitil parameters resuiting
from the triaxial mass distribution of the moon,

The method of variation of constants, therefore, appeared to be indicated as the
best method for the lunar orbiter application. The details of the method may be
found in Section 2. D. 3.

D. COORDINATE SYSTEMS AND REPRESENTATION OF SOLUTION

1. COORDINATE SYSTEMS

All vectors in the ecliptic (inertial) coordinate system described in the previous
section were considered to be represented in terms of the ecliptic coordinate system.
A description of the motions of the bodies in the physical model and of the perturbing
forces, however, is most expeditiously done for each of the bodies by other suitable
coordinate systems, The systems all can be obtained from the ecliptic coordinate
system by a rigid rotation. The various coordinate systems which were required
will be described, with the appropriate notational conventions. The same letter is
always used to denote the same vector, and the number of primes indicates the
coordinate system with respect to which it s represented. Unprimed letters refer
to the ecliptic coordinate system,

A moving coordinate system, in which two of the axes lie within the instantaneous
orbit plane and the third is the normal to the orbit plane, is the most convenient for
describing the motion of a lunar satellite. A precise description of this coordinate
system becomes involved as the result of the role it plays in the scheme of variation
of parameters. Details of the parameter variation problem are provided in the
following section. A single prime denotes that the elements in the matrix representa-
tion of the indicated vector are components with respect to this orbit-fixed coordinate
system; in some cases, it is convenient to use a lower-case Greek letter.

ILet T be the orthogonal matrix whose columns contain the components relative
to the ecliptic coordinate system of the unit basis vectors of the orbit-fixed coordinate
system. The computation of T involves the integration of a system of ordinary
differential equations (for which see Section 2.5). Then, if x is a vector represented
in terms of the ecliptic coordinate system and if x' or { is the representation of
the same vector with respect to the orbit-fixed coordinate system, then x = T x'
or x = T¢&.

I1.2-9
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. The motion of the earth about the sun and the direction of the gravitational attrac-
tion of the sun upon the lunar satellite are most easily described in ecliptic coordinates.
To ohtain the respective components of these perturbing forces with respect to the
. orbit-fixed coordinate system, as required by the differential equations to be integrated,
it is sufficient to pre-multiply the ecliptic representations by T*, the inverse of T.
1
In order to determine the attractive force of the earth upon the lunar satellite, it is
easiest Lo use a coordinate system in which the moon's orbit with respect to the earth
lies in one of the coordinate planes, Reference to this earth-moon coordinate system
is indicated by " or the symbol @ ( . The mutual orientation of the earth-moon
system and the ccliptic system is done in terms of the Euler angles,

Qg .. = angle between the 1-axis of the ecliptic coordinate system and the
4 interscction of the ecliptic plane with the moon-orbit plane;

Ig q = angle between the 3-axis of the celiptic coordinate system and the
{ 3''-axis of the earth-moon orbit plane;

wg s = angle between the line of intersection of the ecliptic plane and the
kY earth-moon orbit plane and the 1''-axis.

For the actual numerical values, reference may be made to the report by Kalensher
on Selenocentric Coordinates and to the Nautical Almanuc and Ephemeris, Let A de-
note the transformation matrix between the ecliptic coordinate system and the earth-
moon orbit-fixed coordinate system so that, if x and x" represent the same vector

. with respect to the two coordinate systems, the relation between their components is
x = AXx". Then (using the notation of the previous section),
= Y I ) -‘\ [V .
A= A0 A (g DA (g )
AN

The potential function of the moon's mass distribution is readily expressible in

terms of a moon-fixed coordinate system, which is also convenient for prescribing

.the initial conditions for a lunar orbit. An equatorial coordinate system is rigidly
fixed in the moon, with the transformation matrix M, and vectors referred to this
moon-fixed coordinate system are denoted by triple primes, Thus, it x and x11
represent the same vector with respect to the ecliptic and moon-fixed coordinate
systems respe(:tivel{ then the relations among the components are given by the
equation x = M xIll. Incidentally, we remavk that M is chosen to be the matrix
of the principal directions of the moon's mass distribution. The computation of M
is made to depend upon Euler angles, now denoted by _the'subscript 7 ; thus,

b
~

«

M = A QA (I)A (Cttwr),
{ -1 & —3 :/(‘ ,\[
where bﬁ' is the angular velocity of the moon about its own axis. v
b

Finally, in the simulation of doppler signals received by an earth observer, it is
evidently necessary to take into account the diurnal rotation of the earth and the conse-
quent motion of the observer. For this purpose, it is convenient to have an equatorial
coordinate cvstem rigidly fixed in the earth, It has the transformation matrix E, and
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‘ vectors referred to this earth-fixed coordinate system are indicated by quadruple primes.
Thus, if x and xIV represent the same vector with respect to the ecliptic and earth-fixed
coordinate systems respectively, the relations among their components are contained in
the equation x = E xIV. The transformation matrix E is computed in terms of Euler
angles, this time distinguished by the subscript ¢ ; thus, ‘

E=A309)A; (Tg)A; Wet+awfy )

where ¢ 1S the angular velocity of the earth around its own axis.

The transformation matrices are all orthogonal matrices, for which inverses are
computed by simply transposing. The representation of a vector in any of the coordinate
systems described, given the components of that vector with respect to any of the
coordinate systems described, may be obtained by a sequence of matrix multiplications.

2. REPRESENTATION OF SOLUTIONS
The motions of natural or artificial celestial bodies (i.e., the solutions of the equa-

tions of motion) are too complicated for mathematics in its present state to be able to
provide perspicuous analytical representations, or even, as a matter of fact, to provide
a complete and useful classification of types of solutions. The precise and detailed pre-
diction of motion demands numerical approximation, The method of variation of param-
eters, . as used in the present program, employs a representation of the solution of the
equations of motion (supposed to include all significant perturbative forces) as the enve-
lope of a one-parameter family of the solutions of the equations obtained by setting

. f=0. Thus, the solution is in the form of the envelope of a family of Keplerian trajec-
torics which have the property that, at the point of tangency, the velocities on the enve-
lope and on the tangent Kepler trajectory (osculating trajectory) are the same and equal
to the actual velocity. The reasons for preferring such a representation, even at the
cost of possible additional computations, have already been presented.

A solution of the equations of motion has the form of three functions of time which
depend upon six parameters, integration constants or equivalent. The same is true of
the osculating Kepler trajectories. These orbital parameters may be chosen in various
ways, and many mathematically equivalent svstems of parameters have been proposed
and used. Despite mathematical equivalence, however, alternate sets of parameters
may differ widely in expediency. This difference may be such that certain systems of
parameters, including the best known, impose considerable hardship upon computation,
or sometimes even become entirely unworkable in particular applications, whereas the
computations may proceed without any particular difficulty with another set of param-
eters. Furthermore, in the method of variation of parameters, the systems of differ-
ential equations (often called the 'planetary equations') governing the variation of the
orbital parameters as we proceed through the sequence of osculating orbits may differ
widely in complexity and ease of solution,

The system of parameters actually chosen is described in the next section, and the
reasons leading to the particular choice are outlined in Section 2. B. It was realized
that, although this system of parameters would lead to a reasonable computation for any
combination of conditions that might be envisaged, some other set could be significantly
superior for any particular class of trajectories, such as the family of nearly circular
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close orbits about the moon., Consequently, the program was constructed such that
another set of orbital parameters could be substituted with very little difficulty.

3. PERTURBATION SOLUTION BY THE METHOD OF VARIATION OF PARAMETERS

This section begins with a description of the orbital parameters to be used in
describing a Keplerian trajectory, then displays and discusses the system of differential
equations governing the changes in these parameters with time in response to the per-
turbing forces. Matrix notation is used, corresponding to the procedures embodied in
the computer program, as described in detail in Section 2. E of Part II. The derivation
of the equations offers no particular difficulty and may be found (in vector notation) in
Appendix A-TI of the RCA Phase 1 report, "Lunar Orbiter Capsule Study."

The need for a set of orbital parameters which would not lead to singularities was
discussed in Section 2. B of Part II, The set chosenis a combination of parameters, all
of which have been used by others but not, apparently, all at the same time. The fol-
lowing parameters are uscd. ‘

A veetor first integral of the equations of motion of a mass point in an attracting
inverse square central force field is h, with magnitude equal to the angular momentum
per unit mass of the orbiting hody with respect to the attracting center and directed
normally to the orbital plane. With respect tg the inertial Cartesian orthogonal coordinate
system, called the ecliptic system, let z and z be, respectively, the vectors of position
and velocity. Then, [z]*z=h = constant. (I'or notation, sce Section 2.C. of Part II).
The magnitude h of this vector is the first of the orbital parameters. The direction of
this vector is also involved in the definition of more of the parameters, as will he seen
in 2 moment. It is evidently essential to impose the restriction h # 0; otherwise, the
direction of h would have no meaning. This is the only restriction to be imposed and is
harmless in the problem of the lunar orbiter.

Next, we speceity a preferred coordinate system to which to refer the motion. Take
an orthogonal Cartesian coordinate system with origin at the attracting center, its
1-axis direeted toward the initial position 7, of the orbiting body, and its 3-axis in the
direction of h. This coordinite system will cvidently remain invariant for a Keplerian
motion, since it has been defined in terms of invariants of that motion. It is always
uniquely determinable (provided that h # 0), no matter what the form of the orbit may be
or how it is oriented with respect to the ecliptic coordinate system, Quantities repre-
sented with respect to this coordinate system are denoted by primed or Greek letters,
consistent with the notation introduced in Section 2,C. The symbol T denotes the
orthogonal transformation matrix from the ecliptic coordinate system to the orbit-fixed
coordiniate system just defined.  Since there are only three independent components in
the matrix T, it is seen that thrce more orbital parameters have been introduced. It is
analytically and numerically much more convenient to use the entire matrix T (with nine
components) thun to try to obtiin a minimal sct of three parameters, Consequently,
these three orbital parameters are defined only implicitlty through the matrix T, the
effective reduction from nine to three being obtained implicitly through the requirement
that the matrix be orthogonal,
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‘ The last two orbital parameters are obtained from another first integral of the
equations of motion, the so-called Laplacian integral,
= (n2-2z,

where r = {z| and, for the lunar orbiter problem, u= u;
Define

b =— a,

=2

so that b is also a first integral of the motion. The quantity b is evidently a vector con-
strained to lie in the orbit plane; consequently, it involves only two independent compo-
nents, thus supplying the remaining two orbital parameters. It may ke noted that b is
a vector directed from the attracting center to the perifocus and that its magnitude is
pe/h2, where e is the eccentricity of the orbit,

In terms of b, we may write

i=[h] b +L-2),

the so-called Hamiltonian integral of motion, which provides a convenient expression for

the velocity of the orbiting body as a function of its position and the orbital parameters.

From either form of this first integral, we readily obtain a form of the polar equation of
‘ : a conic section:

*

._&_-Lbz
r — =

i
roo.2
If we express all quantities with respeet to the pr1med coordinate system (i.e.,
transformdtlon with the matrix T), the vectors z, z, h, and b become, respectively, £
¢, hIg = [¢ ] g , and p. It is also convenient to introduce the unit vectorp 1 £
The Hamlltoman integral may now be written r=

*
+ —B_ e

1.
r

:rlt
[\

Define O(t) as the angle between the initial position vector 2, and the present position
vector z(t). Then we have

co3 O

p@{) = |sin O, .
0

and the Kepler principle of areas gives the relation

A = h/r‘?‘.
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To this point, it has been assumed that f = 0; i.e., that there is no perturbing force.
As soon as perturbation is allowed to act, the invariants of the motion cease being invar-
iant, so that the orbital parameters become functions of time. Their values at the initial
time are readily obtained from & knowledge of initial position and velocity z,, 2,. Thus,
ke . =0 o]
att=to, ©= O, r=To= |20|, ho=1[20] 20, and T =T, = a matrix whose columns
are respectively

* 1 . - -1 x. M
EO» r h [hO] _10’ h ho: _90 2 [1_10] Z’O 2 EO.
0o oo o) ho X roho

R
r

The differential equations satisfied by these quantities remain to be written, There are,
in all, 13 unknowns; namely, the nine components of T, the components of h and Q,
and the two components of b (after transformation to the primed coordinates).

Let ybe the representation with respect to the primed coordinite system of the
perturbing force; ice., £=TY, It can be shown that the angular velocity of the primed
coordinate system with respect to the ecliptic coordinate system is w'= Y3 ¢ and
that, therefore, h

. " %
T=Tlwl %,
a set of nine linear ordinary differential equations for the components of T. One of the
_reasons for using the entire matrix rather than attempting to reduce it to three indepen-
dent elements is the greater simplicity of the differential equations when the entire

matrix is retained.

Two more easily obtained equations are

h = r(\(2 cos()—\(1 sin O ),

1

and with a little more trouble, the final vector cquation,

-_h [2p 1 r * 1, *
E=y [ﬁg Sy eyl £} “wlllx
Note that this vector equation has only two non-zero components, so that it is equivalent
to a set of two equations for the two non-zero components of 3. The system of differen-
tial equations is thus complete and well-defined and obviously well-behaved for any
flight of alunar orbiter. Consequently, these equations may be integrated step-by-step,
providing a time-history for each of the orbital parameters, and a numericial solution

of the equations of motion is obtained.

\
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E. PROGRAM DESCRIPTION

The programming system used is 8,0, S., including SCAT, INTRAN, OUTMN and
the debugging macros, The program consists of four main sectxons

1) Pre-~Initialization - The purpose of the pre-initialization phase is to facilitate the
modification of physical constants, if required, by reducing manual calculations and the
quantity of changes to a minimum. For instance, all angular constants are initially in
degree units, but are scaled to radian units for intemal processing. Pre-initialization
is done once.

2) Initialization - For each run under consideration, the program scales and generates
the required problem parameters. Initialization is done once for each run.

3) Central Processing - The program obtains the required solutions of the differential

equations and, at predetermined time intervals, transfers control to the output process-
incr program section

T vaike

4) Output Processing - Using the results obtained by the central processing section of
the program, the program generates, scales, and writes on output tapes all the required
variables,

Units used internally are kilometers for linear distance, radians for angular distance,
ephemeris days for time, and the mass of the sun as the unit of mass, Units used for
‘ input/output purposes are specified in another section below.

In order to prevent certain losses of significance, the internal computations assume
a zero-starting-time reference. The coefficients of the polynomials used to determine
the position of the moon and the sun are adjusted to account for a zero-time reference
from start of the run, rather than from January 1,1950, The use of such a time refer-
ence results in some reduction of calculations,

The use of subroutines to represent certain functions is made in order to simplify
as much as possible future program modifications. It should be noted that the present
version of this program is not considered to be a final product, since it is often being
amended.

1. INPUT FORMATS

Input data is read by the program from cards read in from the card reader. INTRAN,
as found on the S.0.S, system tape, is used as the input system,
)
The input program allows for variable-length words to be stored on cards. Each
word is separated by a comma. Since the cards are read by the card reader rather
than by tape units, column 72 is the last column that can be used.
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The first word of each card is a two-digit integer representing the number of words
punched on that card which are to he stored in memory. The exception to the above rule
is the last card of a group representing one run. The first word of the last card is the
two-digit integer 00, followed by a comma, then followed by a binary word described
below, The last card can be followed by one or more sets of cards, each of which
represents a run. The last card of the deck is completely blank,

The sequence of variables listed below must be that which is used in key-punching
the cards,

TABLE II. 2. E, -1

TABLE OF INPUT VARIABLES

Word Number Format Identification And Description
0 R .

1 ' Integer Run number, 1 to 6 numeric characters

2 ' Integer i Frequency of output, (That is, a 2 means that

| every other set of output values will be gener-
i ated for output purposes.)

3 | Integer 1. Selenocentric equatorial Cartesian input

2. Selenocentric ecliptic Cartesian input

3. Selenocentric equatorial orbit element input
4. Selenocentric ecliptic orbit element input
4 i Integer 0, Do not generate binary output tape, |
1. Generate binary output tape,
53 Integer 0. Do not generate special printer output.
i 1. Generute special printer output,
( .
6 Integer l 0. (Not used at the present time, ) ,
L 7 Flouting point i Latitude of observer on earth (degrees)
i 8 Floating point | Longitude of observer earth (degrees)
9 I Flouting point | ; The initial position and velocity as defined by
10 i Floating point ’ i word 3, above,
11 1 Floating point It Cartesian vectors, position and velocity
12 Floating point | units ure km and km/sec and are punched in
13 Floating point that sequence. If the input is orbital elements, N
14 Floating point the units are km, degrees, and ephemeris day

and are stored in the following sequence:

Semi-major axis, eccentricity, inclination,

longitude of ascending node, argument of

perigee, time of perigcee passage with respect
to initial starting time,

U O DSOS —_— —e g |
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TABLE I, 2, E, -1 (Cont,)

TABLE OF INPUT VARIABLES

Word Number Format Identification And Description
15 Floating point Starting time, in ephemeris days from January
1, 1950,
16 Floating point End of problem time, in ephemeris days from
January 1, 1950,

17 Floating point Integrating internal, in ephemeris days

As was indicated previously, the last card of each set is one with a zero word count,
followed by a comma, then followed by a binary word: The binary word has four bit
positions. The presence of a one in a bit position indicates the use of the option of a
corresponding perturbing force., A zero in that bit position indicates that the correspond-
ing perturbing force is disregarded, The word definition is, for left to right:

1, Perturbation resulting from the presence of the sun,

2. Effect of the earth on the orbiter,

3. The moon's acceleration about the earth,

4. The perturbing force cause